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C H A P T E R  I
The concept of "Damping Capacity” and its -practical importance,,
It has been known for many years that engineering materials, when 
vibrated, have the capacity to dissipate a fraction of their total vibrational 
energy. It is a matter of common knowledge that bells and tuning forks made 
of different materials will ring for different periods under conditions of 
similar size, shape and frequency. Such differences can only be explained 
in terms of some variable property of the materials concerned.
As long ago as 1865 Thomson (l) had observed this phenomenon and 
carried out tests in vacuum to show that the vibrations of a spring decreased 
far more rapidly than could be accounted for by air friction, Thomson 
carried out experiments on a wire vibrating as a Coulomb pendulum (1,2) and 
explained the damping of the vibrations as a phenomenon of molecular friction 
which he considered to be of the viscous kind, analogous to the viscous 
behaviour of fluids. . Although Thomson found that Stokes’ law of fluid 
friction did not apply to his wires, both experimental and theoretical investi­
gations have been made again and again during the past 90 years, pro-supposing 
that some of the laws of fluid friction may be applied to internal friction 
in solids. Frequently, this has been done solely for reasons of mathematical 
expediency (103 & others).
Several different terms have been used to describe the phenomenon, vis0 
"internal friction" (81,83), "damping capacity" (26,42), "elastic hysteresis" 
(6,7,34), "crackless plasticity" (32), "mechanical hysteresis" and
"anclasticity" (88), although the latter term describes a wider field.
The most suitable definition of the property is that given by Stanton 
& Thompson (67) viz, "that property of a solid in virtue of which it can, of |
itself, dissipate internal vibrations, and hence prevent their attaining !
dangerous dimensions," The term damping capacity has been adopted in this 
thesis to describe this property, as this has become more generally used 
since Foppl (18,24,26) and his co-workers introduced the term in 1925# It 
is considered desirable that such a general term should be used so as not to 
inply an explanation of the phenomenon of which the physical reason is still 
only partly known. The quantative manner of expressing damping capacity is 
discussed in Chapter II,
Although this work is concerned with a fundamental investigation into 
the damping capacity of materials, it is appropriate to explain briefly the 
practical importance of damping capacity in Engineering,
The simple theory of an elastic member vibrating in any mode under 
resonant conditions indicates that the amplitude of vibration will be 
infinitely large in the absence of any damping effects. Prohibitively 
large stresses will therefore be set up very quickly, leading to failure, 
usually by fatigue. In practice, damping forces of various kinds are always 
at play, limiting the amplitude and thus the stresses to finite values.
These damping forces are due to surface damping by air, a liquid, or solid 
friction; to energy dissipation at connections such as couplings, bolts, 
rivets, chucks or pins; and to damping capacity.
In the design of many mechanisms, engines and whole structures, it is 
frequently impossible to avoid the incidence of harmonic forces having 
frequencies, either fundamental or of higher order, equal to the natural
frequency of the whole machine or some part of it* Ships1 propellers, 
engine crankshafts, turbine blades, electrical transmission lines, aeroplane 
Y/ings and many other instances can be quoted where difficulties and fatigue 
failure have been experienced. In all such cases the limitation of stress 
imposed by the inherent damping properties, of the materials used may be an 
important factor. The relative magnitude of. this danping effect as compared 
with the other factors contributing to safe operation has been frequently 
called into doubt during discussions of the many papers which have been 
written on the subject. It is one of the objects of this v/ork to carry out 
an experimental investigation, making the minimum number of assumptions, so 
as to arrive at some reliable numerical values for the danping capacity in 
vie?/ of the many and widely differing data which are at present available. 
Chapter X has been devoted to a discussion of some of these.
Much of the impetus in this field of research originated from Foppl 
and his co-workers at the Wohler Institut, Braunschweig (18,24,26,29,31}33, 
37,42,43) and Foppl (42) has stated that crankshafts made from a steel with 
a high fatigue limit and high tenacity but a low danping capacity are inferior 
to those made from steel having a lower fatigue limit and ultimate strength,
v
but a high damping capacity. This is a view which has now become accepted, 
at any rate, with qualifications, Amongst the large literature available 
on failures and design calculations, special mention might be made of the 
important field of turbine blade vibration under conditions of partial 
admission. Kroon (52) gives a valuable account of this, together with 
evidence of the contribution which damping, capacity can play in minimising 
the effect.
The danping capacity of materials does not always have the effect of
reducing amplitudes and hence stresses, Kimball (19) and subsequent 
writers have pointed out that a rotating shaft may build up a whirl due to 
internal damping action, provided the speed of the shaft about its own axis 
is faster that the forward whirl about the centre-line of the bearings.
Under these conditions, unbalanced damping forces in the material are brought 
into being which will reduce the total damping on the s3rstem and may, if 
large enough, sustain and build up the whirl. This sustaining action is 
reversed if either the forward whirl is faster than the shaft 'speed, or when 
the shaft runs in the opposite sense from the sense of the whirl.
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C H A P T E R  II
Methods of Measurement»
Although there is, as yet, no unanimity about the mechanism whereby 
internal damping is caused, it is necessai'y to be a little more specific 
about this than the general definition of Chapter I in order to discuss 
methods of measurement0 Practical difficulties apart (cf* Chapter IV), it
is clear that a free vibration of any kind will decrease in amplitude due to 
internal damping. The vibrational energy dissipated by the material must 
be translated into some other form of energy, and although there is still 
scope for argument whether the whole of this energy will reappear as heat, 
it is reasonable to suppose that this will be the case after some initial 
period of vibration, not necessarily only a few hundred cycles, if and when 
a state of equilibrium in a steadily vibrating material has been attained* 
This conversion of strain energy into heat is in conflict with the 
ideal form of Hooke’s Law, which will not admit the formation of a hyst ere si­
lo op in the stress-strain diagram* It is now widely recognized that Huoke; 
Law is only a good approximation and that hysteresis loops, even for straigh 
carbon steels, can bo obtained at moderate stresses (9?3^ - & others) if the 
means of measurement are; sufficiently accurate *
Lastly, if a loaded revolving rod, such as in the Wohler fatigue; 
machine, is rotating in equilibrium, the end of the rod will deflect, if 
free to do so, in such a way that the applied load causes a torque equal to 
the danping torque to which the rod is subjected (14,94). The following
methods of measurement may now be mentioned ;- 
1. The decay of free vibrations.
The specimen forms the elastic member of a pendulum which is fixed at 
one end. The free end is given an initial displacement, released, and
allowed to oscillate freely until it comes to rest, A record of the result­
ing decay of the oscillations is obtained mechanically or optically and, from 
this, the damping capacity is calculated. The method is suitable for 
torsional, push-pull, and bending vibrations, although the torsional method 
has found most favour owing to the relatively large deflections involved.
Pig. 11 shows the Poppl-Pertz machine on which, or on modifications of 
which, most of the recorded work under this heading has been carried out.
The machine and method of test have been fully described by Khackstedt (31)
and by other workers (33,37,4-2,43,50,33,62,65,67,108).
The vertical specimen ’ af (fig.11) is clamped at its lower end which
has a square shank. The lower clamp *b* is attached to the frame 'R*. ■ The
upper end of the specimen is clamped to a swing-bar or inertia member !m* by
the bolts 1 d1. The swing-bar is displaced, thus twisting the specimen, by
applying a magnetising current to the electromagnets ’ Cf which are mounted on
*
a movable plate ff*. By this means the initial displacement of the swing- 
bar can be controlled.
At the top of the swing-bar an adjustable pivot bearing of small size 
is provided to prevent any bending of the specimen. The whole frame is 
suspended by means of a long thin wire.
To carry out an experiment, the magnetising current is switched off 
and the specimen is then said to oscillate freely. The gradually diminishing 
amplitudes are recorded by an ink pen ’ g*, attached to the swing-bar, on a 
strip of paper driven by a clockwork motor housed in fhf. Typical records 
obtained in this way are reproduced in fig. 12.
The overall specimen length in the Poppl-Pertz machine is about 12 in. , j 
while the gauge length is about 8 in. and 0.472 in. in diameter.
In 1939, the Cambridge Instrument Co Ltd. marketed a torsional danping j 
recorder described in detail in the December 1939 issue of "Aircraft Engineer* 
ing". This machine was similar to the Poppl-Pertz, but employed a 7i in. 
specimen fixed at both ends and supplied with.a swing-bar at its central 
section* The diameter of.the gauge lengths was 0.315 in., machined from 
f in. square bar. Records wore obtained by stylus~on~celliiloid for high 
damping capacities, while an optical system with recording camera was employee 
for materials with low internal losses.
There is little doubt that the great bulk of available data on damping 
capacity of metals and non-metals has been obtained by the use of the decay 
method, Unfortunataly, however, the method suffers from the fundamental
weakness that the decay of vibrations is only partly due to the damping 
capacity of the elastic specimen, the remainder of the damping being contri­
buted by air friction over the specimen and the inertia masses, by energy 
absorption at the holding device for the specimen and at any steady bearings 
or similar adds which may be necessary. This is in addition to stylus 
friction, if applicable.
The order of magnitude of any of these effects taken separately may, 
in some cases, be as large or larger than the property it is desired to 
measure, .
Although the author was aware, in the early -stages of this work, that 
support and air losses might be large compared with the energy dissipated 
within the specimen, yet experience has proved the impossibility of providing 
any fixing which 'can be described, even approximately, as rigid. The.
principal reason why the experiments on the author’s original apparatus 
(described in detail in Chapter V. ) failed to give any worth while results, 
lay in the energy absorption by the floor and walls of nearly all the energy 
supplied to the system. This occurred in spite of elaborate precautions to 
present a rigid fixing.
In the final, and successful, design of the apparatus (described in 
Chapter VI) any attempt at providing rigid fixings was abandoned and a 
flexible anchor substituted. Even under those conditions, extraneous energy 
losses are still large compared to the energy dissipated in the specimen.
In a particular case (test ho.143), the extraneous losses wore of the order 
of .90^ of the power input to the system.
A conclusive proof of the unreliability of the decay method has been 
presented since the start of the work described in this thesis by Cottell, 
Entwistle & Thompson (82). In view of the great importance of establishing 
the inherent difficulties of this method and the doubts which must attach to 
all results obtained by it prior to Cottell1s work, some of his results on 
light alloys are reproduced in fig, 13® It will be seen that, for the 
same.material and test conditions, values of the specific damping capacity 
differing by 1,000, to 1 have been obtained by making suitable modifications 
to the machine and the method of gripping the specimen. Some other results 
obtained by these workers (82) are discussed in Chapter X.
While not a necessary weakness of the decay method, yet a proportion 
of the work done by it has boon carried out without vibrating the specimen 
first for more than a few', or at most a few hundred, cycles at the nominal 
fibre stresses. The evidence of Haigh (16) and others, reinforced by tests 
described in a later chapter (cf, fig 17), is strongly to the effect that
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some thousands of cycles are required at a given strain to establish "cyclic 
conditions"# This was realized at the Wohler Institute where the Foppl- 
Busemann machine was developed for prolonged fatigue type testing/ in con­
junction with the Foppl-Pertz decay recorder. The former is similar in 
principle to the well-known Stromeyer alternating stress machine (8) and is 
fully described by Becker (26) and Khackstedt (31)0 "
2, The energy input method
This requires a continuously vibrating system, torsional, direct or 
bending stresses being suitable. The amount of energy fed into the sjT'stem 
to maintain an oscillation of constant stress amplitude is measured and, with 
or without air friction corrections is equated to the damping energy absorbed 
by the material. Robertson (75) using equipment developed by Lazan (66), 
and Hanstook (74) have recently used this method, if under very different 
conditions* As the dynamic magnifier of all,practical systems decreases 
rapidly for small deviations from resonant conditions with a consequent 
increase in the required driving power, this method usually requires the 
application of a driving torque under resonant conditions*
Great care and elaboration is required in order to avoid the type of 
extraneous loss, referred to when discussing the decay method, from over­
shadowing the true values of the damping capacity of the material*
3* Determination of the hysteresis loop
In this method the area of the hysteresis loop is measured in work 
units and equated to the energy absorbed by the material per cycle* This 
requires very accurate strain measurements and the elimination of errors from 
the instrument to a greater extent than can usually be done with any facility
at those moderate strains which correspond to stresses of the order met in 
average engineering practice. Nevertheless, this method has been used by 
Bairstow (4), Hopkinson (6), Guest (9) and more recently by Dorey (34) and 
Welch and Cametti (112).
Apart from the difficulty of instrumentation, the principal objection 
to this method arises from the absence of sustained vibrations to reach the 
steady cyclic state of the material. The author cannot accept, inter alia, 
Dorey1 s statement (34) that in the absence of a frequency effect on the 
values of the damping capacity, static experiments could reasonably be 
expected to yield accurate results.
4. Initial rise of temperature method
It is assumed in this method that at the commencement of a vibration
maintained at constant stress amplitude, all the energy absorbed by the 
specimen is converted into heat. From a knowledge of the physical constants 
of the material and the initial temperature rise per unit time, the amount of 
internal damping of the material can readily be deduced (26,32,43)* 
Unfortunately, it is fairly certain (16, present author and others) that the 
assumption is not justified for a new specimen or a newly increased stress tov 
which it is submitted for the first time. It maybe possible to use this 
method by continuous stress cycles for long enough to reach the steady cyclic 
state, allow the specimen to cool back to room temperature and then take 
readings on starting up afresh. There may even then remain some doubt about
the behaviour of the material on starting again, but this is an approach
which does not appear to have been tried.
A further difficulty inherent in this method is that the initial
11.
temperature rise, say over 6 - 8  minutes, lias been found to be extraordinarily 
small, except at high stresses, thus taxing even the best potentiometers or 
galvanometers to the limits of their accuracies*
5# Steady state rise of temperature method.
As has been pointed out at the opening of this chapter, when a piece 
of material has been vibrating at constant amplitude for an appreciable 
period of time, it is reasonable to suppose that all the energy absorbed by 
internal damping of the material will reappear as heat. The material will 
eventually attain a steady temperature, whose value depends on the temperature 
of the surroundings, physical constants of the material and other factors.
It may be added for the sake of completeness, that the full conversion of the 
damping energy into heat, previously said to be complete, is possibly subject 
to microscopic qualification in the light of the current physical..theory of 
"dislocations” (109). This may involve the absorption by the atomic struc­
ture of tiny amounts of energy of activation of such dislocations which again 
may start chain actions of further dislocations. Although much work is 
being done on this subject at the present time with a view to explaining 
work-hardening and similar phenomena, a detailed discussion is beyond the 
scope of this work and firm conclusions are as yet premature. It will here 
suffice to indicate that, although macroscopic results may arise due to 
dislocations, the absorption of energy from the system to commence the pro­
cess appears to be microscopic.
When the material has attained its steady temperature, the vibration 
may be discontinued and the amount of heat generated in the material per unit 
time can then be calculated from the initial slope of the cooling curve and
physical constants of the material. This method has only been used to a 
very limited extent, notably by Becker (26), although he and other workers 
at the Wohler Institute later discarded it in'favour of the more convenient 
decay method (loc.cit. ). Even Becker made the time-saving assumption that 
the rate of heat loss per minute could be taken to be constant for a given 
specimen for all strains, varying only with frequency. This cannot be 
considered a reasonable assumption, except perhaps over very short periods, 
owing to considerable changes in surrounding air temperature under normal 
conditions and changes in heat transfer associated with varying amplitudes^ 
and hence velocities. In fact, the present work disproves this assumption 
completely.
The only serious objection which has been raised to this method, 
apart from the time-consuming cooling calibrations, is the dependence of 
damping capacity on temperature; i.e. that results obtained due to different 
temperature rises will not be comparable with each other (75*94)o Such 
statements appear to be based on the assumption that the temperature rise of 
the material in the steady state is large, and may be due to Foppl* s state­
ment (4-2 and others) that some specimens have shown a temperature rise of 
100°C for prolonged periods. However, the temperature rise of the material 
at any given cyclic strain and frequency is not in itself a property of the 
material. The actual temperature will depend on the design of the apparatus 
which determines the heat flow from the specimen, in addition to physical 
properties of the material and surroundings.
For a range of experiments described in Chapter VII, the present 
author has only experienced a maximum temperature rise of 6^°C .and in most 
cases a much smaller one. Under these conditions the variation of danping
13.
capacity with temperature can he considered negligible and Thompson's 
statement (71) accepted that "though not particularly convenient, the method 
is capable of giving results of considerable accuracy".
6. Method of lateral displacement.
It was briefly mentioned in Chapter I in connection with shaft whirl 
that the end of a loaded rotating bar will deflect horizontally (as well as 
vertically) in order to provide an equilibrium torque to the danping torque. 
Mason(l4) first drew attention to the phenomenon with a view to using it for 
hysteresis determinations. The method was used extensively by Kimball (23, 
25,30) who tested a wide range of materials. Some of his results are 
discussed in Chapter X. The very considerable practical difficulties 
involved in minimising extraneous damping torques and the variation in stress, 
radially and axially, which occur with a reasonably simple shape of specimen, 
were probably responsible for this method not being used again until Lazan 
(94, 101,102) selected it for a large scale series of tests on fatigue and 
danping capacity.
The author was privileged to meet Prof, Lazan in his Materials Testing 
Department at Syracuse University in 1550 and see the tremendous effort in 
skill and expenditure made there to carry out an ambitious programme. As 
the 3 papers (loc.cit,) are now available for a detailed study of the machines 
and methods developed there, it will suffice here to say that Lazan found it 
essential to use hollow tapering specimens prepared by carefully thought out 
and controlled means of manufacture; that he found it even necessary to use 
a controlled pressure belt polisher designed for the purpose to obtain 
consistent surface finishes.
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Although tho object of Lazan* s work lies admittedly in the neighbour­
hood of fatigue stresses, it is believed that the method is not equally
suitable for the much smaller deflections encountered in the region of normal
2engineering stresses* Thus, at a bending stress of + 18,000 lb/in it is
•j
recorded (94) that the horizontal deflection was of the order of t{*"qqq an 
inch on a certain steel specimen and it may be necessary to detect fractional 
changes of the movement at this or lower stresses and under conditions of 
oscillation of the point of observation.
7* Plastic Strain Measurement.
The only addition to these methods is one suggested at one time by 
Foppl (42) and is based on an assumption that the ratio of plastic strain to 
the total strain (elastic and plastic) is equal to a constant multiplied by 
the damping capacity and that the value of the constant is about 0*2 This 
statement is not proved and an attempt to do so would be subject to all the 
difficulties enumerated under method 3»
It is now necessary to differentiate between two fundamentally 
different approaches to methods of measuring damping capacity. These may be 
broadly classified as engineering and physical methods. In the former, the 
emphasis in the equipment and method lies in determining data to assist design 
or improve performance. Such work will usually cover either that range of 
stresses and other conditions which are within the probable scope of practical 
applications or the field of impending failure, near the endurance limit.
The seven methods mentioned above are all applicable to this kind of work.
Physical methods of measurement usually have as their aim the greater
15.
understanding of the physics of the danping capacity or the study of 
metallurgical changes or flaws which occur under certain externally controlled 
conditions* The increasingly inportant field of non-destructive testing 
falls mainly under this category. With certain exceptions, most of these 
methods are characterised by the use of extremely small amplitudes and high 
frequencies of vibration and hence small stresses sometimes of the order of 
less than 100 lb/in. It is felt that a detailed discussion of the several 
physical methods devised, some most ingeniously, would lead beyond the scope 
of the present work ■which is concerned with the engineering approach. An 
excellent summary of most of the work done in the physical field is given in 
Hans took’s book (100) which is well documented. The more important papers 
are also quoted in the bibliography (10,12,13,15,21,22,40,44,51*54,55,59*68, 
69,78,79,83,84,88,95,96,99,105,113,114).
In spite of the distinction between engineering and physical methods 
just made, it is not to be supposed that the two fields of work measure a 
fundamentally different quantity or do not overlap. It was at one time 
doubtful whether the same property was, in fact, being investigated; this 
was strongly argued during the discussion of Frommer* s paper (68), But it 
is now known through the work of Cottell (82) that the differences in the 
numerical results are mainly due to deficiencies in experimental technique,
An inportant lesson which the physicists have taught the engineers in 
this work is that far more accurate results are likely when oscillating 
systems are designed to be as free from constraint as possible, instead of 
minimising extraneous losses by making supports as rigid as possible. It 
has, of course, long been known that the ideal ‘rigid* fixing does not exist 
in practice, but it may not always be realized to what extent real fixings
16.
depart from ideal assumptions, YThile silk threads or fine copper wires may 
not be suitable media of support for engineering equipment, yet supports 
offering a low stiffness have much to commend them. In Chapter VI the 
present apparatus will be found to embody this principle.
Manner of expressing results.
In keeping with the assumptions concerning the physical nature of 
damping capacity made in the nineteenth and early twentieth centuries, some 
workers have endeavoured to express results in terms of a coefficient of 
viscosity for solids, analogous to that of liquids. As this approach is now 
generally considered unacceptable, it will not be pursued hero.
In view of the approximations sometimes made in evaluating damping 
capacity, it is highly desirable to give an absolute measure at the outset. | 
Thus, let E » maximum energy possessed by unit volume of the vibrating
specimen during one complete cycle. This energy will, in the absence of all |
■' !
losses and for a steady state vibration without energy input, exist alterna- ;
tively as pure kinetic energy at mid-swing and as pure strain energy at the
end of the swing. Let A E  = energy dissipated per unit volume per cycle by
virtue of the danping capacity of the material.
Results may then be quoted in terns of AE. Although this is perhaps 
the most descriptive and direct way of expressing the results, much is to be 
said fox* using the ratio of A E  to E, i.e. the fraction of the maximum energy 
per cycle which is dissipated. This has the immediate advantage of being 
non-dimensional, but other reasons will become apparent in Chapter IX.
Thus,
serves as the basic definition. It is to be especially noted that E refers
Capacity ( 1).
to tho maximum energy in a cycle, since the mean energy over a cycle has, at 
least once, been suggested (55)« Although Bacon, in a glossary appended to 
(42) has criticized tho use of the word ’’specific” in this context, it has by 
now become so firmly established in the literature that it would appear rash 
to add to the confusion by introducing a different term. In order to avoid 
all ambiguity, tho term ’’damping capacity” is never used in tho following 
chapters to refer to A.E itself; this is always mentioned as ’’energy 
dissipation” or ’’energy loss”.
Different symbols have, from time to time been used for the specific
A Edamping capacity. It seems unnecessary to use any such symbol, as ■Bg- is 
easily written and understood without further abbreviation and without 
ambiguity.
The many experimenters using the decay method in one form or another 
have normally expressed their results in terms of tho logarithmic decrement, 
£  , This is defined as the natural logarithm of amplitudes^* one cycle 
apart. Thus,
■ C —  flat (2)\  ... ■ - o , » * « » » o * o o o , o » e » » o o o o o « «  \  /
where A, and are the successive anplitudes on the same side of the mean
position.
The use of this term goes back to the time when it was assumed that 
the anplitude decayed exponentially, i.e. that £  was a constant, independent
of amplitude. It is now known that this is not so, and equation (3) derived
from (2) is therefore not generally true, viz.
c ~ — !— . /hi   (3)
® -u. A-n,
where lb is tho frequency and is the time corresponding toa decrease in
t %
The term ’’amplitude” is here used to denote half the travel.
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amplitude from f\ to A> .* * v
Most recent workers, recognizing the anplitude dependence of $ have
used equation (2) with suitable modifications. Since the strain energy is 
proportional to the square of the anplitude in the so-called ’’elastic’’ range,
(i.e. ifi) or less. Various modifications and approximations have, from time 
to time, been made with different degrees of accuracjr. As tho decay method 
has not been used in this thesis, except for comparisons with other work, 
those alternatives will not be further discussed. Details maybe found in 
the work of Thonpson (71) and Cottell (82). Difficulties of interpretation 
arise occasionally when conparing other work, since the exact mode of deducing 
8 from the decay curves is not always stated.
assunptions as regards the shape of the actual loop, as usually only strain 
or stress differences are determined (7,34).
Kimball (23,25,30) has defined a friction constant by the statement
This definition will be discussed in Chapter X, Kimball has shown that
XSEthe ratio can be expressed exactly as
and approximately as
The error in equation (4) is less than 0.5/j of when
In experiments where the area of the hysteresis loop is determined,
AEthat area is equated to A E  and this serves as a direct determination of
It is usually necessary, however, to mafee more or less considerable
where
20,
= ,.£L s where M, is the relevant elastic modulus,
3 M
Other methods of expressing damping capacity have been used, mainly by 
physical workers, notably in terms of the width of tho resonance curve at 
one-half the resonant amplitude, and the electrical "Q" of a system including 
the specimen, Many papers (e.g, 71) have reviewed those methods and a 
number of articles and reviews of the physical work on damping capacity have 
recently appeared (113,114), It is possible to convert all tho different
A Tj1
measures of damping capacity into the ratio •
There is, however, one fundamental difficulty in comparing and 
interpreting the available results. Most of the published work has been 
carried out in the torsional mode for reasons of experimental facility, When 
a solid circular specimen is twisted it is well known that, in the elastic 
range, the shearing stress varies uniformly from zero at the centre of tho
AE
section to a maximum at the surface. Thus, when a decrement or —nr’ is
JtSi
deduced, all the volume elements of the specimen, from zero stress to maximum 
stress, contribute towards the result. Such results therefore express the 
"mean damping capacity" over the cross-section and are normally expressed as 
a function of the maximum fibre stress in the material. AE, the energy 
dissipation, has also been referred to in this context as "solid shaft loss", 
as opposed to"specific loss". Such results are thorefore difficult to 
compare and apply essentially to the type of circular bar under test. In 
order to meet this difficulty, Foppl (18) established the relations
0 O 9 O 0 O 0 O O 0 O 0 O O 0 O O O O 0 (5)
and 0 6 0 0 0 0 * 0  6 0 0 0 * (6)
it being assumed that A S  oan be expressed by
AE = c
\X
(7)
where ^  is the shearing strain, 
X  is a constant index,
C  is a constant,
suffix s refers to surface values, while the quantity A S  without 
suffix refers to "mean" values across the section,,
The type of experiment referred to normally yields a curve relating
with . x can then be determined from equation (5) us the ratio of tho
deduced from equation-(6)* Although Foppl published this in 1925* it is 
notable that no single paper can be traced in which this method has been 
applied. The reason for this, it is suggested, lies in tho considerable 
inaccuracies which would result in carrying out the determination of the 
tangents from a curve drawn through experimental points subject to a certain 
amount of scatter.
The author has selected a few of tho published results and attempted 
to deduce X from a logarithmic plot of equation (7) with a view to substitu­
ting this in equation (6), Such attempts always fail for lack of information 
regarding the curves with which the conversion is concerned. The observed 
points are frequently not plotted or tabulated and unless the curves pass 
through the origin of the coordinate axes, the results will not conform to a 
law of the form (7).
tangent to the slope of the chord hence
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C H A P T E R '  IW
■ I
Damping Capacity - the variables involved; the causes; 
and the requirements of an apparatus for reliable measurement.
Damping Capacity is a property of materials which is highly sensitive
to a number of variables, some of which are not readily controlled. This is
an additional reason why comparable results have not always been obtained in
the past. The possible variables will now be discussed in the light of [
available information with a view to determining the necessary attributes of j;
a reliable apparatus. I
1° Fre quency. j
In the earlier work, and occasionally persisting to the present day, I
the internal damping force or torque has been taken to be proportional to the <
velocity of straining (as in the standard case of viscous dampers). This
implies that the energy dissipation is proportional to the frequency, for the
rate of change of displacement ~ Oi) ~  Z  l?7l This leads to a sinple f
' dt |
mathematical approach and the amplitude independent logarithmic decrement j!
already referred to in Chapter III, Much work has therefore been carried 
out in order to ascertain the validity of the assumption. The majority of 
writers have concluded, with more or less precision, that the damping capacity .!; 
does not depend on frequency over a wide range.
Kimball (23) has been especially certain of the frequency independence 
and claims that he has verified it for frequencies of 2 or 3 up to 200 cycles/ j 
sec. for a wide range of materials, although his published curves only cover 
the range of 8 to 30 cycles/sec. Foppl, in his original work in the 1920* s
23-
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(24,26), agreed that frequency could be completely neglected as a variable
and this was later confirmed by Bankwitz (33), working under Foppl. Yet in
1936, Foppl (42) v/as careful to qualify these opinions and suggested that
some frequency effect might, after all, be feasible*
Many other publications could be quoted, notably Zener’ s work on stress
relaxation summarized in his book (88); from this follows a sharp frequency
dependence for periodic times near the stress (or strain) relaxation times.
It must however be added here, to avoid subsequent confusion, that Zener and
his co-workers are concerned solely with vanishing amplitudes and usually do
not consider stress amplitude; also that their frequency ranges are extreme-
lo
ly high, e.g. of the order of 10 cycles/sec.
It seems clear that, while a frequency independence might be expected, 
on balance, in the engineering range of speeds, there is no overwhelming 
evidence to justify an 1 a priori’ assumption.
/if '
2. Stress Amplitude
With the exception of those physical workers whose interest lies in 
the vicinity of vanishing amplitudes and stresses, there is general agreement 
that stress amplitude is a fundamental variable.
3. Total number of cycles at constant stress and frequency.
This should be considered quite separately from any frequency effect, 
but has often been overlooked, especially in simple decay methods where 
facilities for steady state oscillation do not usually exist. Foppl and 
his co-workers (loc.cit.) carried out extensive time tests with negative 
results except in the vicinity of the endurance limit. Haigh’s valuable 
contribution (16), showing a limited effect under this heading, will again be
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referred to later. Recently, L&zan and his staff (94,101,102) have found 
a marked time effect with the revolving bar method at very high stresses.
4* Temperature
This is acknowledged to be an important variable and has been investi­
gated usually by decay methods, by Hatfield (62), Contra.ctor (50) and others. 
As the present work is not concerned with elevated temperatures, this matter 
need not bo pursued.
5* Previous Stress History.
This is considered quite separately from the effect of the total
number of cycles (cf. para 3 above). Little systematic work has been
carried out on this variable, although many publications refer to incidental
results under this heading. Dorey (34) has defined a "critical stress"
such that A E  is expressable by means of a simple primary power law of the 
. |y* /-m
form (aiJ* or , the value of ‘7b applying below the critical
stress and that of Trp above it, Dorey further found that a specimen first
subjected to a stress in excess of his critical value would then give
/Yo fT»v
secondary results of the form A.E • or K 2_j • }  ^%  andTlx
again applying below and above the critical stress respectively. Generally
/Ybv 'y 7b , but Tu •C Trt . Although Dorey* s actual values are subject to 
2. \ 2. J
considerable doubt (cf. Chapter X), yet some stress history effect has been 
clearly established.
6* Nature of applied stress.
It has frequently been noted that results depend on whether shearing 02 
direct (tensile and compressive) stresses are applied to the specimen,
Schmidt (32a) reported damping capacity measurements on the same material in 
bending and torsion and showed that the two curves did not differ greatly 
when the bending stress curve was re-plot ted with an abscissa equal to half 
the maximum tensile stress. The two curves practically coincided when the 
factor ^  was replaced by 0.37. It was further stated that this coefficient 
varied from 0#33 to 0.60 for different steels.
Robertson (75) has obtained close confirmation of Schmidt*s results 
(loc.cit.), viz, that tensile-compressive and shearing stress results for 
damping capacity are equal when the direct stress amplitude is multiplied by 
a factor K which varies from 0.48 to 0.60, and is generally of the order
0.577. It is well known that :—  = 0.577 is that shearing to direct
s/J
stress ratio which produces the same distortional...strain energy. It would 
therefore follow that danping is associated with distortion and not with 
dilation,
Canfield (27), using hollow specimens and therefore more uniform 
stress distributions, concluded that the ratio of the frictional loss'in bend-
Tjv
ing to that in torsion (for numerically equal stresses) = -yg- approximately,
where E and C wore respectively the direct and rigidity moduli j that since 
E-Y77- was that fraction of the total strain energy due to shearing, therefore
it Was only shearing strain energy which was dissipated by the material. It
must be stated, however, that Canfield* s ratios which he states to be
Eapproximately equal to show a scatter of from 1 - 4C£; and that the
conclusion is therefore hardly acceptable without corroberation.
On the other hand, Wegel (40) states that energy dissipation is due 
to pure dilation as well as distortion, at any rate at small strains.
2 6«
7. Heat Treatment,
This may be considered similar to para. 5 above and including 
conventional heat treatments such as annealing, hardening and tempering, as 
well as mild heat treatment such as immersion in boiling water for relatively 
short periods as is done in order to relieve cold work effects in carbon 
steels. It is clear from some of the above that any type of heat treatment 
will be likely to affect the damping capacity. Although some results are 
available under this heading (62,68 and others), little systematic work seems 
to have been carried out in the Engineering range of work with the type of 
heat-treatment used in industrial practice, as distinct from physical and 
metallurgical work to study the physics of the materials under various 
conditions. Dorey (34) has presented results under this heading.
8. Other Metaliographic Factors.
’
Such factors as single and poly-crystalline materials, grain size, 
composition of solid solutions and internal flaws may all be expected to 
affect the danping capacity to a greater or smaller extent. An account of 
the more inportant results of such variations has been given by Thompson (71) 
and Hanstock (100). f
9. Size effect and surface finish. I
— . . . . . . . . . . . . . . . — - - - - - - - - - - - - - — —  i
ij
These two matters are closely related and are particularly difficult f
to assess and control in practice. To the best of the author* s knowledge, j
no serious attempt has ever been made to arrive at any statement of the effect I
i
on the danping capacity of the size of the specimen or its surface finish, 
let different experimenters have noted the difficulty of obtaining reproduc~ 
ible results from different specimens, even when made from the same bar of
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material under apparently identical conditions* It is well known that 
surface defects can affect the determination of the endurance limit consider­
ably and it was thought at the outset that this would be likely to bo the 
case with damping capacity* Recently, Lazan (102) has described tho lengths 
to which he had to go in order to achieve a surface finish which would ensure 
reproducible results. It seemed that this matter has been aggravated in the 
past by the use of very small Specimens in which the average damping capacity 
would be more susceptible to surface finish than in larger specimens* The 
size effect is thus mentioned here only in relation to surface defects making 
reproducibility difficult.
10* Magnetic Effects*
It is accepted, beyond reasonable doubt, that magnetic effects and 
damping capacity are related* This subject is fully discussed with interest­
ing results in a paper by Parker (53) who also gives ample further references 
to work carried out under this heading. Briefly, the phenomenon of 
magnetostriction causes a bar of ferromagnetic material to change its length 
in the presence of a magnetic field* Conversely, if such a bar is strained 
mechanically, its magnetization will be changed. If the strain is applied 
under alternating conditions, tho resulting changing magnetization will set 
up eddy currents which will directly contribute to the danping capacity..
The effect of superirposing a strong magnetic field has been found to be tho 
elimination of these eddy currents and hence to cause a reduction in danping 
capacity. The present author has not attempted to investigate this 
particular variable.
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Tho abovo discussion of tho variables affecting danping capacity has 
made some indirect contribution to explaining the causes of danping capacity* 
It is considered best, because of the engineering enphasis of this work, to 
approach the subject thus. For, in spite of considerable work by many 
physicists and engineers, there is as yet, no positive sinple or otherwise 
explanation of the phenomena, except at the lowest strains usually referred 
to a vanishing amplitude. Amongst the causes of damping capacity which have 
been thus discussed, may be mentioned relaxation times; thermoelastic effects 
on a microscopic scale (i.e. an intergranular phenomenon due to deviations 
from perfect isotropic structure) ; thermoelastic effects on a macroscopic 
scale (i.e. due to thermal currents associated with direct alternating 
stresses); friction inside single crystals arising from movements of atomic 
regions of disarray (i.e. dislocations); slip friction along grain boundar­
ies; and magnetic effects.
The conditions under which experimental justification for the above 
theories has been sought have been mainly such that the amplitudes have been 
so small that the damping capacity has beon found to be largely insensitive 
to stress amplitude and since this is in direct opposition to what most 
engineers would rightly consider one of the fundamental variables in their 
field of work, the explanations and conclusions drawn under such conditions 
cannot be of more than general interest to them. This is not to say that the 
work of Zener (81,88), Ke (78,79,83,84) and others should be belittled by an 
engineer, for their applicability may yet.be extended.
It should be clear, however, that there is at the present time no means 
of explaining tho basic phenomena and that any attempt to probe into the 
property must therefore be on an intuitive trial and error basis in the hope
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that eventually a pattern may emerge.
It is perhaps relevant to observe that there are other properties of 
materials, known for many more years and not subject to the same degree of 
sensitivity as danping capacity, which have never been basically ’’explained" 
in any definite physical or mathematical terms. Most of the fundamental 
terms used in the ’Strength of Materials’ come under this heading. Such 
considerations are put forward, not in any sense of apology as engineers are 
sometimes apt to do vis~a-vis the physicists, but rather as a broad 
justification of an engineering approach to a physical problem in general.
The foregoing loads naturally to a consideration of the requirements 
of an apparatus suitable for reliable measurements of damping capacity, for 
the literature abounds with experimental results (cf. Chapter X.) which cannot 
all be reasonable at the same time. It was therefore decided that the 
requirement was for an apparatus at ordinary, as distinct from elevated, 
temperatures and that magnetic offects, as an independent variable, would be 
excluded from a fundamental investigation. Under these conditions the 
following requirements may be stated
1. The apparatus should be capable of imposing cycles of constant 
stress amplitude for prolonged periods*
2. The stress range obtainable with the apparatus should be as wide 
as possible.
3. The stress amplitude should be capable of being continuously 
measured with accuracy and readily adjustable without stopping the machine.
4. The frequency should be variable.
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5. At any one frequency, however, the drive should he entirely 
synchronous, since the dynamic magnifier of a system alters rapidly for 
quite small changes in frequency and this might conflict with condition 1.
6* The results should be reasonably reproducible and this means, 
inter alia, that the results should be obtained in such a manner as not to 
depend upon chuck effects, such as may easily be imposed by different 
tensions in bolts etc.
7c The axial stress distribution should be uniform. (This rules out 
the "revolving rod" method, unless specimens of special shape are designed 
and produced).
8. The radial stress distribution should be uniform. This implies 
either the use of the push-pull type of vibration or of a thin tubular 
specimen in torsion*
9. The instruments etc. should not require to be of excessive 
delicacy.
10, The records should be taken without interference from mechanical 
inertia forces. Even photographic records require considerable care to 
avoid errors in measurement due to shrinkage etc. of paper when wet.
11. The shape of the specimens should be as simple as possible, 
preferably plain bars, Yri.thout the need for machining in order to avoid 
variations in results due to surface finish irregularities and due to 
difficulties of interpretation of torque or stress distribution at fillets,
12, The size of the specimen should be large enough for small 
inevitable flaws and surface marks not to affect results unduly, i.e. in 
order to measure the property concerned throughout a truly representative 
sample of material.
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13* Air friction should cither he accurately assessed or, preferably 
the method chosen should he independent of it* In this connection it should 
he mentioned that vacuum tests, while useful, are apt to impose an undue 
restriction on the size of the specimen and apparatus.
While it would he futile to suppose that any one apparatus could 
satisfy all those requirements completely, yet a serious attempt has hoen 
made to comply with them as far as possible.
It seemed at the outset that of all the possible methods discussed in 
Chapter II, the decay and energy input methods could not, in general, he 
expected to give results to the exclusion of extraneous losses, nor even that* 
such losses might not gradually appear or ro-appear unnoticed, if they were 
at one time eliminated.
The method of lateral displacement of a revolving rod is suitable only 
by considerable complication of specimen shape and might not even then be 
free from extraneous damping torques, while tho direct do termination of tho 
hysteresis loop is essentially a static method and, unless used in conjunction 
with a fatigue type set-up, would not enable the important condition of 
steady vibration for prolonged periods to be observed.
It seemed therefore that a calorimetric method, based either on the 
initial or steady state rise of temperature would best meet the requirements* 
Since the initial rise of temperature method is open to a fundamental object­
ion (cf. Chapter II, section 4), the steady state rise of temperature method 
was adopted. This was described in principle in Chapter II, section 5S 
while the full details of test method and calculations will bo found in 
Chapters VII and VIII, It was further decided to oiploy the torsional
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mode in view of the greater ease of amplitude control and to use thin-walled 
tubes of fair size and considerable length.
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C H A P T E R  V
Design and development of original apparatus.
The development of the apparatus which eventually met the requirements 
went through a number of stages, some of which proved very time-consuming. 
However, a great deal of experience of broad principles and detailed 
instrumentation was gathered as a result and it has appeared desirable to 
place this on record as the author found remarkably little help himself from 
any previous publications in this or associated fields.
Tho original task was to produce a torsional pendulum apparatus in 
which the tubes could be steadily oscillated for any desired length of time, 
to vary and control the amplitude and frequency, and to evolve a means of 
measuring small tenperature differences with accuracy and ease. As was 
previously mentioned, only a very few results using this method were avail­
able (26) and some of the comments in that paper have since been found mis­
leading.
In the first instance, a rough prototype was assembled, a 3 ft. solid 
specimen, i!3 diameter, being held at the top in the chuck of a radial drilling 
machine, while the free end was provided with a simple heavy horizontal swing 
barrto give the system a moderately low natural frequency in torsion. One 
end of the swing bar was provided with a cylindrical piece of soft iron 'which 
was free to move horizontally backwards and forwards in a stationary coil.
An electrical D.G, impulse was supplied to tho coil at appropriate times, 
causing the iron core to be attracted momentarily and the pendulum to
oscillate torsionally at resonance. The impulse was supplied by means of a 
flicker mechanism attached to the swing bar itself and operating a pair of 
relay controls to make the circuit. The flicker trailed on the return travel 
and allowed the contacts to open again. The object of such crude tests was 
to establish approximately the amount of energy required to excite the 
pendulum at resonance and to gather any other information prior to a proper 
design.
It was immediately clear that the energy consumption would be quite 
considerable, of the order of 10 watts or more, even at a low frequency, 
although a more efficient design might help to reduce it; it was therefore 
inevitable that resonant conditions would have to be employed throughout if 
prohibitive power inputs were to be avoided, even at the expense of a com­
plication in design to achieve a variable frequency.
_ It was further found that the axis of the specimen would require 
location at the free end to prevent random swinging even with a more balanced 
method of excitation; further, that a very rigid top fixing would be impor­
tant and that all components and fits would have to be of a high order of 
accuracy in workmanship if prolonged smooth working were to be ensured.
The original apparatus was then designed and made. The general 
assembly drawing,’made at the time, is reproduced as fig. 6 and a photograph, 
fig. 1, illustrates the set-up, but includes a later modification.
The apparatus was assembled in a suitable corner of two brick walls, 
one of which was re-bui^t and reinforced for the purpose. Referring to 
fig. 6, a heavy channel section, item 4, was built into the walls across the 
corner and provided with additional stiffoners, items 5 and 6® An adaptor 
sleeve, item 7, was welded to the channel to serve as location and suspension,!
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by moans of a heavy taper pin, for the top chuck, item 8, and thus the 
pendulum itself. The inertia masses consisted of rods and movable weights, 
items 9,10 and 11, clamped to the lower end of the specimen. Thus, while 
using steel tubes, 2 in. o.d. 16 s.w.g., the frequency was adjustable 
between limits of about 10 - 25 cycles/sec. while the weights were moved 
along the rods; and of about 28 - 110 cycles/sec, by removing the weights 
and some of the rods and central supports for them. The lower end of tho 
specimen was located with a large ball race in an iron casting made in two 
parts for assembly reasons. Suitable setting up tools were made to ensure 
tho alignment of tho fixed top end with the movable bottom, and all fitting 
surfaces were reamed, ground or lapped in, as appropriate.
It had been intended to use a method of excitation similar to the idea 
described above for the prototype, although it was intended to use 4 permanent 
magnets to produce alternate attractions and repulsions. It was soon clear 
that no mechanical method of switching the current would respond reliably 
over the frequency range aimed at. Mercury switches, micro-switches and 
relays were considered and discarded. An electronic switching device seemed 
therefore indicated.
At the same time, the idea of providing the system with the necessary 
torque by means of push and pull actions on magnets fixed to the swing bar 
was discarded in favour of excitation by means of an armature fixed axially 
to the lower end of the specimen. Such an armature would provide a pare 
torque when moving between the poles of a suitable D.C0 excited electromagnet, 
the armature being supplied with A,0, of appropriate frequency. The 
armature was specially designed and provided with 2 sets of windings* each 
distributed over several axial slots through Stalloy alminations forming the
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body of tho armature. The more substantial of these windings was to carry 
the driving current, while the second would act as a moving coil pick-up to 
produce an e.m.f. This would be fed into an electronic amplifier which 
would in turn supply the power winding on the armature. By this means, 
complete synchronism at any frequency could be expected..
The arrangement of the armature was, in fact, a combination of the 
principle of the moving-coil type of measuring instrument (except that the 
core had to be made movable here for mechanical inertia force reasons) with 
the specimen acting as controlling spring, and of the moving coil pick-up. 
Suitable impedances were to be incorporated on tho input side of the amplifier 
in order to control the output and to ensure a correct phase relationship 
between the pick-up e.m.f, and the driving torque.
It was decided not to proceed with the amplifier beyond a rough design, 
until the system had been tried out and in particular ■until the electrical 
characteristics of the armature had been ascertained,,
For trial purposes a variable speed alternator was available to supply 
the torque turns of the armature, so enabling measurements on the pick-up 
turns to be made. The first armature failed to provide an appreciable torque 
and a second armature was made as large as the remainder of the apparatus 
would permit, even with modifications, A. clearance of 0.003 in. was found 
to be the minimum safe air gap between the armature end tho magnet poles,
The second armature set the system into torsional oscillations and produced 
a measurable e0mof. from the pick-up turns. At this stage, tho frequency 
range of tho set-up 'was checked from a knowledge of the speed of the driving 
alternator. This was found to agree closely with the design figures.
Although the second armature proved the apparatus in principle, the
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available amplitudes and therefore stresses were too small to give the 
intended tests a sufficient range.- Thus,, at 24 cycles/sec, the greatest 
obtainable shearing stress was + 1,000 lb/in. in the tube for an energy input 
of 50 watts, measured with a wattmeter j and this increased only to +_ 1,300 
lb/in. for a short period increase of the power to 100 watts. At 12 cycles/ 
sec., the shearing stress was + 2,500 lb/in. for an input of 40 watts. The 
armature design had been based on an energy input of 50 - 60 volt amps, and 
although this was increased for trial periods to 60 watts and more with air 
blast cooling, the stress amplitudes were disappointing. The matter was 
aggravated by a relatively poor power factor, of the order of .
The trial runs, although not satisfactory in themselves, yielded some 
important general conclusions, leading later to an improved design. These 
conclusions may be summarized thus
10 G-reat care had been taken to prevent any movement of the top 
support by using a hardened and ground chuck, with relieved internal faces 
and six in. Allen cap screws for tightening the plugged specimen tube*
The external stub of the chuck had been lapped to fit the adaptor sleeve on 
the supporting channel. Allen set screws and taper pins had been used in 
several places in order to prevent fretting vibrations of various parts. 
Although the top chuck fitted tho adaptor sleeve so well that difficulties 
were experienced more than once in removing it, yet these "rigid1 fixings and 
connections proved anything but rigid when the system was excited and nearly 
all the energy put into the system was dissipated in the walls and floor and 
in fretting vibrations. It was therefore evident that attempts at improving 
the fixing were likely to be futile and that the answer lay in the direction 
of making the system as free and flexible as possible between the top chuck
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and the eventual support anchored to the building.
20 It had been realized from the outset that swing-bars and weights 
would offer a greater air-resistance than circular inertia discs. The 
former had been adopted in view of the greater facility with which the j
frequency could be altered. In view of the prohibitive power consumption 
and the fretting induced at the rods supporting the weights, it was felt 
that discs would eventually be required.
3. It was probable that even after taking steps to deal with the two 
previous points, the armature would still bo too small to provide torques 
such that stresses of say + 10,000 lb/in. could be reached; more especially 
as the trial runs had been of not more than 10-15 minutes duration and, for 
longer runs, heating effects of the armature might necessitate lower currents.. 
Further enlargements of the armature would raise serious problems of space 
limitation, of location and fixing and also probably require an increase in 
the air gap between it and the magnet fanes. It was therefore thought 
advisable to consider reverting to the prototype method of push-pull excita­
tion at some distance from the centre line of the tube in the plane of the 
swing-bar s.
It was thought advisable to tackle these points one at a time and in 
the order in which they are stated above. The swing-bars and weights were 
therefore duplicated, in a simplified form, and the length of the specimen 
tube doubled to about 6 ft. Thus, the fixed-free original system was 
converted into a free-free system, having a node approximately mid-way 
between the ends and very similar frequency properties. The top adaptor 
sleeve was now used to provide a steady bearing and two steady fingers 'were
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supported by wall brackets just below the top chuck. The weight of the
pendulum assembly was now taken by the ball race locating the lower end of
the tube in the cast-iron housing. It is this modified form of the original
apparatus which is shown in fig. 1. I
Several test runs showed a marked improvement in steadiness and
amplitude, no doubt mitigated by the extra material of the specimen, extra
bearings and air friction. Although the ball race carried a thrust well |
within its rated design, it became evident that it was showing signs of wear
as a result of the previous test runs and a good deal of noise emanated from
the vibrating balls and cages.
At this stage, before points 2 and 3 could be dealt with, the author
came across equipment newly marketed by Mullard Ltd. and developed and made,
in conjunction with a large scale fatigue testing programme, by De Havilland
Propellers Ltd, The relevant items of equipment were :-
(a) a moving coil vibrator, v/orking on the principle of a large 
loudspeaker, i.e, a spider supported coil moving backwards 
and forwards in the field of a strong magnet, electrically 
excited.
o>) a moving coil pick-up. I
(c) a limiting amplifier.
(<*) a power amplifier.
The use of tins equipment undoubtedly saved a good deal of development- 
time, although it was later found to require modifications and development in 
itself. The use of a driving force at a radius arm instead of the torque 
producing armature was in line with the third point of modification mentioned 
above. The electrical amplification system was of the kind already envisaged* 
indeed preparations for its manufacture had taken place, but as purchased, it
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represented in itself the result of some years of development by the staff 
of De Havilland Propellers Ltd.
Before proceeding to describe the design of the final apparatus, it 
should be mentioned that preliminary tests with a loaned De Havilland 
vibrator confirmed the desirability of using discs instead of sliding weights 
for inertia masses. Further, all these early trials were carried out with 
the variable speed alternator. The retention of such a means of providing 
the A.C. excitation to tho moving coil has obvious attractions over the 
relatively more complicated electronic power amplifier. The variable speed 
of the alternator was obtained by direct coupling to a DcC, motor with field 
control. Even with \7ard-Leonard control it was not possible to hold tho 
speed of the machine within sufficiently close limits to ensure long-term 
synchronism with tho resonant frequency of the system, an essential condition, 
It was decided that any closer speed control would require electronic appara­
tus as complicated as the amplification system already referred to and not 
having all the advantages of the latter.
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Design and development of final apparatus,
The general arrangement of the final mechanical set-up is shown in 
fig. 7o This will be seen to consist of the specimen tube, 34 in. long 
overall (item 12), held in gun metal cast chucks (item 8) at the top and 
bottom ends. The chucks were so designed as to make it possible to bolt a 
range of discs (items 9,10,11) to them, varying from 18 in. dia. cast iron 
wheels to quite small steel rings. The large wheels weighed just over one 
cwt. each and it is realized that the same moment of inertia could have been 
obtained with a lighter and more manageable shape. However, a maximum size 
of 18 in. dia. was prescribed by the swing of the largest gap lathe available 
for turning the necessary spigots. *
In general, a large number of small bolts was preferred.to a few 
stronger bolts so as to avoid setting up fretting vibrations. The top chuck 
was fitted with two well stiffened bracket castings (item 6), on which were 
mounted the pick-up (item 7), balance weights (item 14) and the coupling 
(item 3) to the speech coil of the vibrator (item 4)* Welded steel eye 
bolts (item 13) were screwed and locked into both chucks.
Considerable thought was given to the method of securing the tube in 
the chucks, in view of experience with the earlier apparatus. A parallel 
straight grip seemed not good enough and a wedge action was therefore envis­
aged. The final choice was to make two high tensile bolts pass through the 
chuck and bore away parts of them at the same time as the bore of the chuck
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was finish turned* This is the method of clamping frequently employed for 
tools in turret capstan lathes and is shown in fig# 80 This method proved 
entirely satisfactory during the many test runsj at no time was any loose­
ness or slip observed*
A further point of fundamental importance was the matter of suspension 
of the whole rig when assembled., It had to be borne in mind that the speech 
coil was located in the vibrator in both directions at right angles to its 
movement and that the gap between it and the surrounding D,C, field coil was 
quite small. The matter of alignment between the speech coil and the 
pendulum assembly was therefore important*
Several trials of suspending the whole pendulum from chain blocks, 
ropes and wire slings were undertaken with a view" to giving the least* con­
straint and energy loss to the system as a whole* A single or double loop 
(depending on the total suspended weight) of ■§• in* dia„, 5 F 16, rubber 
shock absorber cord was found to be the least stiff and the most suitable 
(fig, 7, item 2), This was threaded through the eye bolts attached to the 
top chuck and suspended from chain blocks to give vertical adjustment. The 
top hook of the chain blocks was also movable for lateral adjustment* A 
single loop of shock absorber cord was also used to anchor the lower chuck 
eye to an eye cemented into the floor* This lower cord was tensions! when 
the whole assembly was lifted on the chain block*
The only disadvantage of this method was the gradual stretching of 
the rubber and therefore the need to adjust the chain blocks periodically* 
During operation, this was found less serious than might have been supposed, 
as most of the stretch took place soon after first raising the pendulum off 
the floor and an inspection once daily was sufficient thereafter. Under
^supplied by 7/hit el ey Products Ltd*, Mitcham, Surrey*
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these support conditions the tube oscillated in the free-free mode, with 
opposite phase displacements for the two ends and a node along the tube0
A suitable coupling had to he devised between the speech coil of the 
vibrator and the bracket (item 6, fig0 7)» It was clearly necessary to allow 
a measure of flexibility since the movement of the bracket was through a small 
arc while that of the speech coil was in a straight line* Moreover, during 
the ’’push" phase of the vibrator; the coupling would act as a strut and had to 
be rigid enough to prevent buckling. After many trials, a piece of hardened 
and tempered spring steel, § in, >* 0,036 in, in section, end of the kind used 
in the manufacture of steel rules, was found eminently successful (item 5, 
fig, 7), Although one of these couplings snapped during the early tests, 
this was probably due to somewhat rough usage at first. The second one made 
has since undergone many millions of stress reversals during several hundred 
hours running and has given no trouble.
The vibrator was mounted with its axis horizontal on a cast iron face 
plate (item 1, fig, 7) which was bolted to a brick wall with wooden spacers 
which helped to damp out the forces acting on the wall. Two parallel grooves 
were milled into the face plate to enable the vibrator to be moved in a 
horizontal direction. This not only facilitated the lining up, but also 
enabled the driving force to be applied to the top bracket at a variable 
radius as might be desirable from time to time. The edge of the bracket 
casting was provided with a series of tapped holes, % in, apart, for this 
purpose.
Fig, 3 shows a photograph of the double-ended, free-free system when 
fitted with the largest inertis masses, while fig, 4 shows the vibrator and 
mounting, the spring coupling, the balance weights, the pick-up, and the
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shock absorber cord.
In view of earlier experience, the author requested the makers of the 
vibrator to include a cooling blower. This can be seen on top of ^ the 
vibrator in fig. 4 and as item 3 in fig. 7« Air was blown through a volute 
into the* air gap between the D.C. field and the speech coil and left through 
the rear spider and gap visible in fig* 4® !
Fig® 9 shows a diagram of the principal components used to excite and 
drive the specimen, forming part of a regenerative loop. The following had
tbeen purchased
1. Moving coil vibrator, type 1/E, blown model, with rectifier
power unit;
2. Limiting amplifier, type JL/k\;
3» Power amplifier, type 3/B1
4® Cathode ray oscilloscope, slow speed time base, type SP 10.
Ordinary laboratory type volt and ammeters were used to measure the 
output of the power amplifier; a Muirhead oscillator and a Dawe stroboscope 
were available for trial runs and for the approximate measurement of frequency 
respectively.
The moving coil pick-up consisted of a seismic element in the form of 
a light pivoted vane carrying the coil at its free end. Four beryllium 
copper springs acted as pivots for the vane, while two permanent semicircular 
’Triconal* magnets with a central core provided the magnetic field. The 
instrument was built into a light alloy bcx and could be bolted to any flat 
surface. The side of the case was fitted with an inspection window enabling 
the vane to be brought into its true mid-position by rotating the torsion
t items 1 - 3  supplied by Mullard Ltd., made by Do Havilland Propellers Ltd®
Hatfield, Herts, 
item 4 9 supplied by A®E. Cawkoll, Southall, Middx.
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hoad with an external screw* Thus, compensation could be made for gravita­
tional deflection if the plane of the vane were horizontal.
The amplitude range of the moving coil was +_ 0.10 in. and the position 
of the axis of rotation of the case relative to the vane was marked on the 
outside of the case. The movement of the case about the vane in a torsional 
set-up was evidently the product of the angle of twist and the distance bet­
ween the axis of the specimen and this mark on the pick-up case. As the coil 
of the pick-up was delicate, it was always necessary to ensure that operation 
was well within the allowable displacement of _+ 0,10 in.
The output from the ’’moving" coil was naturally proportional to the 
velocity of excitation and this was available externally across one pair of 
leads. By incorporating a small resistance-capacity circuit, an integrated 
output, proportional to the displacement was provided across a second pail' of 
leads. Although in the present set-up it would not, on the face of it, 
appear to matter whether the straight or integrated circuit is used for 
driving the amplifier, it was found in practice that the integrated output 
provided far greater stability end facilitated the self-starting property of 
the rig.
The natural frequency of the pick-up suspension was about 7o5 cycles/ 
sec., the integrated output being linear above this frequency,
The output from the pick-up was fed into the pre-amplifier, also known, 
as limiting amplifier or Ghopper. This contained a rosistance-capacity 
phase shifting circuit on the input side, capable of a phase change of +_ 180°, 
followed by a chopping or clipping stage which had the effect of limiting the 
amplitude by squaring the tops of the wave, A final amplifier produced the 
output which fed the main power amplifier. The unit was fitted with suitable
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input and output attenuators.
Both phase shifting and clipping served a vital purpose in a self- 
drive system. The former made the system self starting and regenerative by 
ensuring that the speech coil A.C, input was in the same phase as the output 
from the pick-up. In operation, this adjustment was found to be critical at 
times but, with experience, fairly readily manipulated.
It was necessary to ensure a sufficient degree of input attenuation, 
but equally important not to over-attenuate as then the chopper would not 
function correctly in maintaining a constant level* signal for supply to the 
later stages of amplification. This would have the effect of producing sn 
unsteady output from the power amplifier; it was found that a cathode ray 
oscilloscope across the power amplifier output was invaluable in checking the 
waveform and adjusting the input attenuation to the correct level.
The power supply to the unit was regulated in steps of 5 V, by tap 
changing, the nominal supply being at 230 V, The range of adjustment was 
Hh 15 V., and the state of the A,C. mains was such that the full range of 
adjustment was required at different times.
The power amplifier was supplied with the same regulated voltage as 
the limiting amplifier. It was fundamentally an amplifier of usual design 
and as it is now commercially obtainable, it is not thought necessary to give 
detailed circuit diagrams, taking up much space. The amplifier v/as designed 
in class AB 1 (instead of the usual class B public address amplifier) with 
very low frequency response. The output v/as linear from 10 to 10,000 cycles/ 
sec. up to about 100 Volt Amps.
A special feature v/as the output transformer from the final stage, 
which was provided with external screwed plugs so that the output impedance
« !'S
of the amplifier could he changed at will over the range from 2 to 32 ohms in / 
8 steps. This was particularly valuable in the case of an electro-mechanical •;Isystem of the kind used here, where the impedance offered to the output stage ;l| 
of the amplifier is not always predictable at the time of design. Actually, jg 
the B.C. resistance of the speech coil was about 8 ohms in this case, while |5
: ; ! j  1
the total electro-mechanical impedance was found to vary from about 9 to 11 1
ohms, so that either the 8 ohm or the 12-J- ohm tapping was used in practice.
' l ' f l
It has already been mentioned that continual checks on the A.C. mains |j 
voltage were required, in view of considerable fluctuations. The regulated
power supply took care of this in 5 V steps. Nevertheless, difficulties in j?
steady operation were experienced to such an extent at first, that prolonged f 
running was dangerous to the vibrator and pick-up at any appreciable f
amplitude due to violent and erratic oscillations of the rig. ji
After exhaustive tests on self-drive and with an external oscillator ji 
in place of the pick-up, the author became convinced that a continuous slight | 
modulation existed on the A.C. mains with an occasional larger peak. These I 
deviations from a perfectly sinusoidal A.C. supply were just visible on the J 
high gain cathode ray oscilloscope which was used. No particular periodic | ' 
effect could be observed, although the modulation seemed to be normally of |
hi;
the order of 2 - $ cycles/sec. The larger peaks were probably due to the j|
continual switching on and off of various loads on the external mains, j
resulting in single wave kicks, sometimes as high as 10-15 volts. j ;
The reason why this proved troublesome, while normally electrical |
apparatus does not react in any noticeable manner, lay in the low frequency I 
sensitivity of the amplifier. This was designed to give linear response |
down to 10 cycles/sec., but in fact gave a fairly good response at lower |j
frequencies. It became clear that the cure was tie stabilize electronically j
the power supply to the amplifier, or at least that to the driver stage, as ^
|!|l
complete stabilization would involve a very large unit to cope with some 500 ijfj
volt amps at 2^0 volts. jf
II
It was noted that stabilization had been incorporated, with satis- !;
factory results, in the limiting amplifier by the makers and the view was p
N
pressed on them that it was equally necessary to provide this stabilization ||
I'lm  the driver stage of the power amplifier where the signal level was still fl
j j i l
|i|
low. The makers were persuaded to accept this view and, in the event, the |
parties concerned were rewarded by ah improvement in performance which jl
satisfied all expectations. The author is pleased to note that, as the fl
result of experience gained, the makers have now decided to incorporate this |
modification as a permanent feature. . |
The moving coil vibrator was basically simple in construction, the | 
added cooling blower having already been referred to. The D.C. supply to |j
the field v\ras supplied through a rectifier. The blower motor gave a certain I;
amount of trouble due to occasional high frequency sparking of the brushes !|:
on the commutator; this was liable to influence the pick-up, about 1 ft. j:
away, although screened and earthed, and be amplified as nhash,? through the ji
power anplifier, j:
A more serious difficulty arose over the flexible pigtail connections f
between the vibrator case, which remained fixed, and the moving speech coil.
The makers had fitted beryllium copper springs to make the necessary 
electrical flexible connections. • These pigtails were made from strip, j;
■jg in. wide )< 0.006 in., suitably bent to shape. After several rapid j
breakages of these, the makers produced laminations of the same width and to
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give about the same thickness for 3 leaves. These also proved unsatisfac­
tory and were difficult to fit oY/ing to their extreme thinness.
The author then produced his own pigtails from annealed strip 0.007 in...
"t*thick ><- y in. wide. The heat treatment given in an ordinary metallurgical 
furnace was 1 hour 10 mins. at 300° to 310° C, plus 3 mins. to reach the 
soaking temperature. This produced a nominal "half-hard” to "hard" temper. 
The original pair of these pigtails have undergone many millions of cycles 
and are still satisfactory.
The photograph, fig. 2, shows the general arrangement of the equipment* 
On the left can be seen the voltmeter, ammeter and cathode ray oscilloscope. 
The torsional pendulum, pick-up and vibrator are in the background. The 
power amplifier is rack-mounted with a wheel base, while the limiting 
amplifier is separately rack-mounted and stands on a table to the right.
It should bo mentioned that all interconnecting links between pick-up, 
limiting amplifier and power amplifier were by moans of screened twin cable 
and that, the screening 'was found to be essential to reduce, hrim. The 
"signal low" lead from the pick-up Y/as Joined electrically to the screening 
v/ire close to the pick-up, and from this point the "signal low", "signal high" 
and screening (earth) wires were carried right through the apparatus separate­
ly into the 3 pin input plug. Any intermediate connection between "signal 
low" and. earth had to be avoided so as not to generate 'earth loops'. This 
meant that the oscilloscope could not be used across the pick-up while the 
apparatus was set up on self-drive, as an earth loop would be induced through 
the instrument. It .was possible to check the pick-up performance by driving 
the rig from an oscillator.
^supplied by Johnson Mat they & Co. Ltd., London S.C.1
The meters .and C.R.O. already mentioned served mainly as a general |Icheck on performance; other instruments and methods were developed for |
taking measurements leading to the determination of damping capacity. These'Jj
$
measurements were :- I
1
1• Stress {
A mirror, lamp, and scale were enployed. The concave mirror j
I
was attached with a thin layer of plasticine to one of the discs or the top j
|
chuck on the axis of the specimen, as convenient, and a lamp and scale used ij
$
to obtain a spot of light with a hairline on the scale, calibrated in milli- |
ill
metres. Under oscillating conditions the mirror, which had a focal length j
I•4
of 1 metre, would deflect the beam of light and the circular spot of light &
I
would elongate into a band, the hair-line remaining visible. The operation |
was similar to that of the well known vibration galvanometer. The arrange- |
• "I' Srnent proved simple and effective provided a good quality galvanometer mirror1 |
was used. 1
The scale could be conveniently read to ■§• mm0, i.e. the angle of |
Hi
1 f pltwist to at the usual distance of 112.7 cm. from the centre line of the i!yuuu „ I
tube. Assuming the node position to be midway along the tube (i.e. 16 in. j,
2from the top clanp) this would lead to an accuracy of about 80 lb/in. in the j|
stress determination; and if the node were only 8 in. from the top clamp,
2 :
the accuracy would still be 160 lb/in., although it was quite possible then
to fix a mirror to the lower chuck and carry out measurements of an accuracy |
2 "greater than 80 lb/in. I
A further use for the deflected light band on the scale was found
during the test runs and this will be described in the next chapter.
tsupplied by H. Tinsley & Go Ltd., London S*E.25.
51o
2, Frequency,
It was originally intended to use a flash-type electrical 
stroboscope and for a large number of tests this method Y/as adopted, as the 
instrument was available. It became clear during use that, although 
convenient and quick, the accuracy with which the frequency could be obtained 
was very doubtful, particularly at frequencies in excess of, say, 50 cycles/ 
sec. The stroboscope had to be calibrated by means of two built-in 
potentiometers every time it was used. This calibration depended upon 
flashing the lamp at an internal vibrating reed directly excited in lateral 
vibrations by the mains, A.C.4 supply and adjusting the potentiometers until 
the reed appeared stationary at one of its harmonic frequencies. The 
calibration had to be carried out at several points of the scale, but it was 
generally impossible to achieve any accuracy at more than two scale points 
and even this was not easy at all times. A more reliable method was there­
fore sought.
4*
This was found in a *Synclock’ cynchronous electric clock motor-of 
standard design, the output speed of the spindle being 1 r0p0m, for an input 
of 50 cycles/sec. It was thought that if this could be connected across the 
power amplifier in parallel with the speech coil, and while the rig was 
actually oscillating in torsion, the A,C. supply from the amplifier might 
drive the motor. The time, V  , taken by the output spindle to make one 
revolution could then be obtained with a stopwatch and the frequency of the
The original motor was vround for an input of 230 V and as the 
amplifier output voltage varied between 5 and 40 V, depending on the load,
A.C. would be given cycle s/sec., where X  is in mins.
1supplied by Everett Edgcuiribe & Co. Ltd., London N.W.9
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a transformer was necessary. This proved, however, to present serious 
matching and power factor problems; heavy condensers were required to start 
the motor and even then the current taken was prohibitive from the point of 
vieYr of the amplifier and of the motor winding# Moreover, a condenser 
arrangement suitable at one frequency would not be so at another frequency.
Of the several possible solutions, the one chosen was to rewind the 
motor with two coils, one for operation at 10 V and the other at 16 V. Only 
one winding was used at a time, depending solely on the voltage from the 
amplifier which was conveniently available. No transformer or condenser was 
required and in this form the instrument proved a valuable tool, giving 
accurate integrated frequency readings covering the complete range over which 
it was used, viz. 15-91 cycles/sec. It was self-starting over this range 
and the power required to drive it was of the order of 5 - 6 volt amps.
All frequency results previously obtained with the stroboscope were checked 
and found to be in error to various extents, the greatest error being about 
The frequency meter may be seen in the right foreground in fig. 2.
3. Temperature
As the method selected for measuring the damping capacity depended 
largely on accurate determinations of small temperature differences^ the 
instrumentation of temperature measurement was of paramount inportance, 
Copper-Constantan thermocouples were selected for giving the highest e,m,f9 
per degree C, with the exception of some special Bismth-Tin alloy used with 
Bismuth of which wire was not readily available in this country. The 
stability of Copper-Constantan was also a material fact. The diameter of 
the wire used was 0,0124 in, (30 s.w.g#). The cold junction, when required
wire supplied by F,D. Sims Ltd., Ramsbottom, Lancs.
for actual temperature readings as distinct from differences, was placed in 
melting ice in a vacuum flask.
The particular reels of wire used were calibrated in accordance with 
an accepted method. Details of this calibration may be found in appendix C, 
It had been thought at the outset that an available Cambridge recording 
galvanometer (originally used for a GQ^ recorder) might be adapted to give a 
direct record of heating and cooling curves. This idea was based upon the 
observations of Becker (26) and Foppl (42) that temperature rises of up to 
100°C had been experienced by them. Early tests soon showed that no such 
temperature rises could be expected on steel specimens in this apparatus, but 
that 1 or 2°Go would be more representative values,
A null method, using a first class potentiometer, was therefore vital.
i*The instrument chosen, a Pye universal precision potentiometer, had a standard 
cell with built-in thermometer so that the reference e.m,f, could be corrected, 
for ambient tenperature changes, The dial was graduated in microvolts, on 
the lowest range, and the reading was through a perspex arm engraved on both
sides so that parallax could be avoided. Under these conditions, readings
1 1were considered justifiable to of a division, i.e. yUV which
1 0corresponded to about C. The accuracy of an individual reading was
probably less, of the order of J of a division, say °C, However,
results did not depend on.individual readings so far as the small temperature
differences wero concerned, but were always deduced from a plot of about 10
consecutive readings. The straight line plot, of which the slope Y/as
1 oimportant, would enhance the final accuracy to at least double, say C,
In the light of the results obtained, such accuracy is important, although it
tsupplied by W.G-. Pye & Co. Ltd,, Cambridge,
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also required constant vigilance and care with the couples. The potentio­
meter can be seen in fig. 2 at the back of the left hand table.
A Tinsley galvanometer, type SRk-/k59 was used to indicate the balance 
of the circuit. This instrument proved eminently suitable for the detection 
of the small differences of e0m,f. which were involved in these tests.
A difficult part of the temperature measurement Was the method of 
fixing the thermocouples to the specimen tube. It is, of course, well known 
that the most satisfactory method of measuring metal temperatures is to soft 
solder the head of the couple into a hole or groove in the surface. This 
was not permissible here, as any hole or slot would induce a much higher 
local stress at the very point in the material where it was desired to measure 
an average prox:)erty. It was equally inadmissible to solder the couple head 
to the surface of the tube, as this would require the application of so much 
heat to ensure a reliable joint that the metallurgical condition of the 
material would certainly be affected, and again at the section where measure­
ments would be taken. Cold solder was tried, but was not considered 
sufficiently reliable as it was apt to form air gaps and bubbles. Eventually 
the very simple method of gripping the head of the thermocouple between a 
jubilee clip and the tube was found to be most efficacious. It was possible 
to damage the head by overtightening, but this was soon avoided with a- little 
practice.
The tenperature difference between the tube and the surroundings was 
measured more accurately by connecting two thermocouples in series opposition, 
rather than measuring the two e.m.f.’s separately. For this purpose, the 
ambient tenperature, as far as heating or cooling of the tube was concerned,
^supplied by H. Tinsley & Co.Ltd., London S.E.25,
was taken to exist at the circumference of one of the lower discs. The head 
was placed between two small pieces of perspex for electrical insulation, the 
whole being again gripped to the rim of the disc by means of jubilee clips 
going round the whole circumference.
A second couple was always present at this point and this was used, 
via the cold junction, to obtain a calibration reading of the actual ambient 
temperature. The tube was surrounded by a layer of black cotton wadding for 
thermal insulation and a curtain could be drawn across the space containing 
the pendulum so as to exclude draughts.
Fig, 35 shows the wiring diagram for the thermocouples. The photo­
graph, fig. 3, shows the thermocouple fixing and the wires from the tube 
with the lagging removed.
Modulus of Rigidity
This ws.s one of the more important physical constants of the 
materials which entered into the calculations. Fortunately, an Olsen 
Torsion machine was available with chucks which just suited a 2 in. diameter 
specimen by making a new set of shallower jaws. None of the available 
torsiometers however, were large enough for a 2 in. dia. tube. It was 
decided to make a simple instrument to give accurate strain readings.
Fig. 5 shows the machine with specimen and torsiometer set up, while 
fig. 10 shows the general arrangement of the instrument. The latter consis­
ted of two M.S. rings, 2-f in. i.d., fitted with 4 radial screws with hardened 
points. The two lower screws were permanently locked in position so as to 
centre a 2 in. diameter specimen in the rings. The other two screws were 
used to tighten the rings to the specimen. Each ring carried a vertical 
upright (|r in. dia.), and the right hand upright had the pointer arm secured
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to it, parallel to the axis of the specimen. The left hand upright carried 
a microscope in a holder which was capable of giving vertical adjustment to 
the microscope and horizontal movement at right angles to the tube axis.
The two horizontal bars which can be seen to connect the uprights in fig. 5* 
were only setting-up clamps and were removed prior to each tost.
Both for reasons of balance and to prevent vibrations, it was necessary 
to tension the long horizontal pointer arm. A piece of copper wire was 
brazed to each end of the arm and a variable tension provided by a small 
turnbuckle to which the wires were anchored. The end of the arm was filed 
flat and provided with a fine scratch on to which the microscope was focussed 
In operation the distance,^, between the clamping rings was about 2 ft., 
while the height of the scratch above the centre lino of the tube was around 
19 in.
The graticule, which was fitted for the purpose, was divided into
1 1mm., but each division corresponded to a true movement of 0,6 X  mm.
of the scratch by suitable calibration with a standard. The graticule 
could be accurately read to ^ a division, so that the angle turned through
could be read to 2Q k*'25 ' ^  T^~500 radians, ard the angle of
9 1 .
twist per inch of tube length to an accuracy of about '^ q" qqq radians.
This corresponded to an increment of stress of about 31 lb/in. in the case 
of steel tubes.
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C H A P T E R  VII
Method and Scope of Tests
As previously stated it was considered essential to use thin-walled 
tubes, so as to subject the material to an essentially uniform shearing 
stress. The size aimed at was 2 in, o,d, x 18 s,w,g, (0,048 in,) This 
was the thinnest gauge which could generally be obtained from the makers and 
gave a nominal ratio of over 40 to 1 which could safely be treated as
"thin"#
Different types of ferrous and non-ferrous materials were obtained and 
the physical properties and analyses of them are given in tables 1 and 2 
respectively. The following notation has been adopted :~
S - steel specimen,
A - alumni urn alloy specimen,
B - brass specimen,
figures 1, 2, following the above letters indicate
specimen numbers,
the letter A following the specimen number denotes ,,annealed,,.
As the product ( ( density ■ X  spec, heat) entered directly into the 
results, it had been contemplated to determine this directly for each type of 
material. However, recent values for both these properties were found in 
the literature (47), covering a wide range of steels. In this reference 
the specific heat values were tabulated as varying with temperature and the 
curves had to be slightly extrapolated to obtain values at 20°G, The
resultant values were still thought to be of adequate accuracy.
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Both the area and the second moment of area of the specimen were high­
ly sensitive to small errors in wall thickness measurement. The external 
diameter and wall thickness were measured with micrometers at every 45° of- 
tube circumference and the results averaged. • As a check, a piece of known 
length was weighed and agreement found within rtfo ; this included the possible 
error in the specific weight (47).
The steel tubes wore tested in the "as Drawn” and in the annealed 
condition* Annealing was carried out in a reducing atmosphere at 850°C and. 
although a very thin layer of scale was formed, this proved so thin (around
0.0001 in,) that a difference inwall thickness and diameter could not be 
measured with micrometers with any certainty. Certain checks, carried out 
later with the very accurate frequency meter, confirmed that there was no 
noticeable change in the second moment of area.
The values of the specific heat and specific weight for brass and 
aluminium alloy were taken from the "Metals Handbook", 1948 edition (American 
Society for Metals), as wore all the values of the thermal conductivity 
quoted in Table 1. The chemical analysis of. the steels was carried out in 
the Metallurgy Dept, of the College, for carbon and manganese only; the 
remainder of the steel analysis is quoted from the makers’ specification.
The analysis of the brass and aluminium alloy was supplied by the makers.
All mechanical tests were carried out by the author. The torsional 
set-up has already been described, while a Riohle testing machine was used 
for the tension tests. In order to be able to interpret certain results, 
one specimen was subjected to a complete commercial torsion test (fig. 15* 
table 7)* Although a reliable limit of proportionality and yield point 
were obtained, it will be realised that no importance can bo attached to a
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nominal value for the tenacity in torsion. This is due to the tendency for 
a thin tube to collapse soon after yielding takes place. Although a short 
piece only was used and fitted with loose internal plugs, this affected the 
results in itself and a measure of buckling still occurred.
The unit of lb, has been adopted as the unit of force throughout this 
work, as energy losses expressed in in,-tons would have been inconveniently 
small and not in accordance with the bulk of the literature. In view of
this, it was thought inadvisable to mix the units and express the stresses
. o .
in tons/in,, although some advantages would have resulted from so doing.
It was thought prudent to check the chemical analysis, at least in so 
far as carbon content was concerned, after annealing; the steel tubes. The 
results (table 2) were entirely satisfactory, no decarburization having taken 
place. The small differences could bo considered as being within the 
accuracy of the analysis, carried out on different samples and on different 
occasions.
Reference has been made in Chapter VI to balance weights fixed to and 
near the bracket carrying the pick-up on the top chuck. The various discs , 
wo re machined and could be considered very nearly balanced in themselves.
This was not so with the heavy cast iron wheels which were only machined for 
the spigot register. These wheels were balanced in a lathe on centres and 
by central suspension from a wire until their plane remained horizontal.
As these heavy wheels were associated with the lowest frequency, a very small 
remaining out-of-balance effect would not be as serious as in the case of 
the higher frequencies. This was confirmed by actual test runs during 
which the extent of balance could be checked.
Apart from such effects, there was the ] the pickup i t sex:
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(having a mss of nearly 1 lb.), the coupling with the speech coil attached 
and the bracket casting supporting the pick-up. The latter was approximate­
ly balanced by an equal casting boited to the chuck, 180 degrees apart, 
although not in exactly the same plane. To this second bracket were bolted 
some brass balance weights whose position and mss had been arrived at by 
approximate calculations, to balance the pick-up and the speech coil. The 
early tests up to No. 42(incl.) were run under those conditions at low 
frequencies.
The torsional node of the system could not be expected to be exactly 
mid-way between the chucks, for there was clearly an additional inertia effect 
at the top and no particular virtue could bo associated with a truly central 
node since the shearing stress was, in any case, uniform along the whole 
specimen. It was desired to devise the simplest possible scheme for a 
determination of the node position, in view of the other elaborations which 
had already proved inevitable.
The method of measuring the stress has been described in the previous 
chapter. The mirror used for this was usually fixed to part of the top 
chuck assembly. A further mirror v\ras now attached to a point on the lower 
chuck assembly, with a second lamp and scale suspended upside down to measure 
the deflection of a light beam. Thus, the respective amplitudes of the two 
ends of the tube could be determined and, with a knowledge of the free length 
of the tube, the node position could be calculated.
Several readings were taken'of the respective amplitudes for different 
angles of twist of the specimen and the results averaged. In the worst case, 
a single reading differed by jfo from the averaged result, but most readings 
were within 2 or 3f0 of the mean or closer.
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A possible doubt arose over the true free length of the specimen.
This was measured by inserting the plugged tube (the ends of which had been
faced square to length) into the two chucks. The clamps made a visible mark
on the tube surface and the inside distance between these marks was taken as
the free length. In view of the satisfactory behaviour of the clamps in
service, this was considered reasonable.
It could, however, not be ruled out that a small error remained, the
true free length being somewhat longer than the figure taken. The width of
the clamp was J in, and the possible addition to the free length could not
1 2
be more than a small fraction of this, say at most ^qT J^o enc^ '
The only means of determining this experimentally would be to measure 
additional points on the elastic line of the tube. This would involve 
attaching a means of amplitude measurement to one, or preferably several, 
horizontal sections of the specimen. The distance between these sections 
would have to be very accurately measured in view of the small correction, 
of the order of 1JS, which it would be desired to make to the free length.
Such an attempt would very likely be subject to a larger error than it was 
intended to determine.
Table 8 gives the actual readings obtained in the determination of the 
node. The top amplitude is given by Qj cm,, while the bottom amplitude is 
/^cm. The free length of the tube was 32.06 in. = ^  , where ^  is
the distance of the node from the top clanp. Table 9 summarizes those res­
ults together with the frequencies used for the different specimens.
It will be observed that the node position varied appreciably with 
the frequency of the system, the node moving nearer the top chuck for 
increasing frequencies. This is equivalent to adding an extra moment of '
62,
inertia at the top and can be adequately explained by the inertia due to the 
masses (including the speech coil) at the top chuck which remain permanently 
attached at all frequencies# The experimental curve of node position from 
the clamp at the top end of the tube is plotted as fig# 16# Appendix D gives 
an approximate analytical confirmation of this curve*
The balance of the system was dealt with above* It was not until, 
for Test 38, the frequency was increased from 26*7 to 35s2 cycles/sec, that 
serious doubts arose regarding the adequacy of this* By increasing the 
frequency to 55»0 cycles/sec. for Test 42, it became clear that the system 
was seriously out-of-balance. At this frequency, the resulting variation in 
amplitude round a given horizontal cross-section could be detected by touch. 
As the effect obviously became more pronounced the higher the frequency, the 
latter was increased to 75*4 cycles/sec* to facilitate the re-balancing,
It is believed that practically perfect balance over the available 
frequency range was obtained after many trials by making use of the two ? lamp 
and scale* set-ups referred to above in describing the node calibration.
The out-of-balance effect at the top chuck assembly caused the plane of the 
top disc to tilt, slightly, out of the horizontal plane in which it was sus­
pended when stationary and the torsional oscillation then took place at this 
inclination. This tilt could be observed on the scale at the top and on the 
scale at the bottom*, since a reaction torque also caused the bottom assembly 
to tilt* It was found that the angle of tilt was extremely sensitive to 
alterations in the mss and position of the balance weights and a combination 
of balance weights was found which caused the plane of the top and bottom 
discs to remain parallel and horizontal at the highest frequency used, viz0 
91*4 cycles/sec.
The alteration in the balance weights carried out at this stage made 
it necessary to re-calibrate the node positions for the different sets of 
inertia rings. This explains why certain calibration results in table 8 
are marked as being applicable from Test 43 onwards, while the earlier ones 
refer to tests up to then.
The numerical results up to Test 42 must have been in error because 
the tube was subjected to a complex system of stress instead of the simple 
shearing stress intended. However, these early tests had been used mainly 
to gain experience in operation, and to investigate whether certain variables 
could be assumed not to affect the results. As the tube thermocouple was 
always attached to the same point, results consistent with each other, though 
numerically incorrect were obtained. The conclusions drawn from these early 
tests wore, in any case, confirmed later directly or indirectly by other 
tests and because of this agreement, it was not considered necessary to 
discard them. It will be noted that all summaries of values of damping 
capacity and the final laws deduced were based on the series of tests commen­
cing with series E, test 46.
The reasons for selecting a long specimen have been explained earlier 
in relation to the size effect on damping capacity. In the method of 
measurement selected, the necessity also arose to ensure that the specimen 
was long enough for the temperature to be constant along a reasonable axial 
portion of the tube, in the steady state and during the initial cooling 
process. This was checked early on with a steel specimen, the readings 
being given in table 11 and the results plotted in fig, 18. It will be seen 
that the curve is not symmetrical about the central section, due to the 
larger mass of metal at the top which offered a lower resistance to heat
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transmission. However, the tenperature was found to be practically constant ■
|
for about 7 in, around and just below the middle of the tube and the principal;
thermocouple was always fixed on that portion of the tube. Appendix E gives
an analytical determination of the steady state tenperature distribution
along the specimen and of the temperature distribution during cooling.
The maximum weight of the lower chuck assembly, i,e. at the lowest
frequency, was 140 lb. As most of the tube areas were of the order of n /;
2
0,31 in,, this would be responsible for a steady tensile stress of not more 
2than 450 lb/in. The low frequencies were used mainly for the higher shear­
ing stresses in the specimen, so that the stress distribution in the tube 
would not be seriously affected.
At 55*0 cycles/sec, for steel, the weight of the lower chuck assembly 
was 42 lb,, giving a tensile stress of 135 lb/in. The greatest additional
tensile stress due to the stretch of the lower shock absorber cord was 
190 lb/in, and less at high frequencies.
Due to these inevitable tensile stresses, the principal stresses in 
the material differ by about yfo from the applied shearing stress.
Each test was carried out by starting the electrical driving system 
and setting the stress to the desired value. The rig was then allowed to 
oscillate steadily while the tube temperature was measured periodically. On 
attaining a steady temperature, after a time which varied from J hour to 2 
hours, the temperature was held steady for a few minutes (3 - 20 or more, 
depending on conditions), the apparatus was then switched off and the tempera­
ture noted at one minute intervals for 10 minutes. The surrounding air 
temperature was measured at the time of switching the rig off and at the end 
of the cooling readings, Fig, 19 shows a complete heating and cooling curve.
taken immediately after re-balancing the system, and this may be taken to ! 
represent a typical record*
The modulus of rigidity was determined for each type of material 
tested (tables 3 ~ 6, fig* 14) and the frequency measured when necessary*
After it had been established that the frequency of the stress cycle 
did not affect the damping capacity (cf. chapter,IX), it vras possible to
select frequencies to suit particular test conditions* Thus, for a given j
I
total energy loss per cycle, the power output of the amplifier increased j
with the frequency. This meant that large stress amplitudes were most j
suitably obtained at the lower frequencies. On the other hand, the rate of j
¥ • i
heat generation was slow at the lower frequencies when the stress amplitude j
was small^ so that tests with small stress amplitudes were more conveniently 
run at higher frequencies. Such selections also made it possible to run the 
anplifier neither very lightly loaded nor too near the limit of its output* 
This enhanced the stability.
The following were examined i-
1. Effect of total number of cycles on the damping capacity of carbon j
steels, at constant stress amplitude and frequency. |
- I
2. Effect of frequency on the damping capacity of carbon steels at constant |
3. Effect of stress amplitude^ on the damping capacity of carbon steels*
(0* ) for high carbon steel, as drawn;
( p  ) for high carbon steel, annealed;
( Jj* ) for mild steel, as drawn;
4. The damping capacity of a 70/30 brass and a typical aluminium alloy 
of the Dural type*
stress amplitude.
mild steel, annealed
, j
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C H A P T S E  VIII
Calculations and Summary of Results 
The calculation of the energy dissipated and the specific damping 
capacity was based on the following analysis 
Let ^  = time, min0
= temperature, °C 
^ ambient temperature, °C
A
~ Q
0 = temperature difference, C
5 = specific heat, C.H.U./(rb)(°C)
■2
density, lb/in. 
w =  mass of free length of whole specimen, lb.
V  = volume of free length of whole specimen, in?
(i.e. W  =/*aV )
Q  = quantity of heat, C.H.U.
J = mechanical equivalent of heat. 
y\j = frequency, cycle s/sec.
Now, Newton found in 1701 that the rate of cooling of a body was proportional.
j*
to the excess temperature of the body above the surroundings; In all tests 
recorded in this thesis, the excess temperature of the tube was small, the 
maximum excess temperature being 6-§-°C and in most cases very much less.
A piece of material .will attain a constant temperature when the rate
"^ "strictly, Newton’s law of cooling refers to forced convection in "a 
uniform current of air1', but it is now generally accepted that Newton’s 
statement applies in still air, provided the excess temperature is small.
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of internal heat generation is just equal to the rate of heat loss. If the 
heat source is then suddenly removed, the initial rate of cooling will he 
equal to the rate of previous heat generation.
These two statements make it possible to calculate the amount of heat 
generated in the specimen after attaining steady temperature conditions.
From Newton’s law of cooling,
(1)
where ^  is a constant.
- w s di * K (t - ) c{x
Now. f —  t = R = temp, difference between tube and>■ %
surroundings at ‘time ;
teirp, difference between tube and
surroundings at time = maximum tenperature difference (at time of
switch-off); and putting Y  = 0 , so that T  ~ T  = T  > then
J k  » 0-4341..K. (2)
Qt plotted against Y  should therefore be a
straight line, having a slope
^  Ws v '
(3)
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Substituting from (3) in (1),
initial rate of heat loss = 2 1 0 3 ^ t V s  x 0M
AE =2/303
fcO V-rv,
and since w  = ^ v
Aj~_ z' lo 3> Ji for s
A t -  —  -T7T ~
<o0 ^
C.H.U./min«
C.H.U./in. * cycle.
CoH.Uo/in^ k  cycle
A E  = in. l V in^ x oyclo
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A.EL = 6 4 -S W S  — i n.  lb / in .  ><. cycle . . . .  ( 4 )
where 64*5^5 as a constant for a given specimen, while - A  ®m and Yu 
are measured for each test.
Again, for a thin walled tube in torsional vibration, the maximum 
strain energy for a stress amplitude of _+ JT lb/in? is
I f|r = I in ib/cu.in. cycle o o o o o o o o o  * 0 0 0 0 0 0 92 C
where C is the modulus of rigidity.
The specific damping capacity is therefore given by the ratio of equations 
(4) to (5), vis.,
0
(5)
•  o o o o e o o o o o o o o o o o
This analysis assumes that the ambient temperature remains constant
(6)
while readings are taken to determine the slope of Equation (2). The time
required to obtain these readings was usually 10 minutes, and with precaution
to exclude extraneous changes in the rate of heat transfer, the anibient
tenperature did not usually change by more than 2 microvolts of thermocouple 
1 oe.mef. ( 0) during this time. An attempt was made to modify the above
analysis by allowing for a linear change of t* with time; this, however, 
yielded a solution in terms of a series which was not suitable to calculate 
the value of K in Equation (1).
A Tfj
All results for A E  and have been obtained by the use of
Equations (4) and (6) above respectively,,
Specimen calculations for test No. 44.
(Specimen S3 ; n = 55»0 c/s. )
The complete readings for this test are given in table 12.
Shearing Stress
Movement .of hair-line on scale = + 2,9 cm. at 116.5 cm. distance
from centre-line of specimen;
• 1 45o *. greatest angle of twist of tube = ± ^ 7 i radians at the top
llb°  chuck;
distance of node from top chuck = 12.16 in. (table 9)
mean radius of tube = 0.975 in. (table 1)
6 2
modulus of rigidity = 11.32 10 lb/in. (tables 1 & 3)
611 52 ** 10 1 45
shearing stress in specimen = 0.975 X —  \ 2' T6' "x" T fo~l)
= 11,300 lb/in?
The value of ArQ's in equation (4) is 0.0306 CoH„TJ./(cu.in. )(°G), 
from table 1.
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Maximum. Temperature Rise.
The value of in equation (4) is represented by an e.m.f, of 
147 M.V above the prevalent ambient temperature corresponding to 
530 juirV (table 12). It is assumed throughout that the ambient 
temperature remains constant during the cooling period.
The thermocouple calibration curve is E» cut 4- Jb (Appendix G)
To determine the temperature rise 0 (in °C) at any particular 
ambient temperature "t (in °0)5 we have •-
* +£& 386 &  (t +-6) + A ( t  * 6) where *
€ is the e.m,f, (inytbV) corresponding to the anibient temperature ; 
is the e,m.f0 (inyttV) corresponding to the temperature rise.
&E CU© +• 2 A t  6 + J&r 8^
Jb 8^  + (a z At)% - £#■ =0
n _ —-fen- "2-A t )  +  74- ~v2 -tftjL 4-4-Aac
°  2 4
o —  r,4- j. fit-1 + = “ O' + 4 ^ ec, since C *= OLX +“ .-a* C f l ® — ■--- 2~TT— — —
and CL * 2  >6*6 C^LZ t 4 Js €
. n _ ~s/a*:+4,&£ * \/a> 4
p _  v V S  4i-e (v/T+’ x - 0  ^
where
2
4 4  Ac
a ? + 4 ^ e
a _ 7a2_+iA« ! x _ i 5, +. jd  } fb)
b 24; i r i + li J   w
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The values of £ and which arise in this work are such that the
third and further terms are entirely negligible, but the second term must be
taken into account for an exact evaluation,, Evaluation involves considerabl
'2.labour and the following approximation may be arrived at by neglecting x  
and higher powers of X
l-e a
Z4- ' £
■■■—I n miBi
^  ^ct 0  ^  ' ‘ * |  ) w&ere
Hence, if X  <<C \ and t  ^ 1 *
a - i l f l .  Q-i-e )
U  T~ Ob' ( OL2” J ...... s.°J
Now, in test no. 2*4, € *  S’lOyuV and A€ m A X  * 147 y*A/
Also, from appendix 0, Cl - 37* 131 j^j\jj*C 
and “ & ‘052. 47S*
7
*. in equation (b)
0VHc^  = 375’‘,33(o’°°£i ?J ~ 0-opo 049 r>4 +..)
= 375-./33 xO'OO? ?03 g
0 . 7 / S - , to 3 decimal places.
Equation (o) gives
37^37 ^  ^  ^
i'TSLb to 3 decimal places.
011This represents an error of + >; 100 fo which is oust less
than +0»3^o
flie experimental methods of measurement, while carried out as care­
fully and accurately as was possible, do not appear to the author, to warrant 
the use of elaborate methods of computation. By plotting the graph of
is' 3o6S9 representing an error of less than -0,7^ compared with the exact 
value, After several trials it was decided that an error of less than 
could always be ensured and the graphical method was therefore generally 
adopted in evaluating the results.
Slope of Cooling Curve
In order to determine the value of JL, (equations 2 and 3) it is 
necessary to plot ~ - against , where is the greatest
tions ceased. As successive values of differ by only a small amount a 
graphical conversion method cannot be readily used in this case.
Referring to equation (a) above, for a constant ambient temperature
6 ■» ext. fv& t?" to a sufficiently large scale over the relevant range 
(cf. table 18^  it was found possible to obtain the value of 6 to a good 
degree of accuracy. In test no. 44., the graphically obtained value of 0
temperature rise of the specimen in °C, corresponding to at
time ^  = 0 ; while 0 is the temperature .rise in(°G of the specimen 
corresponding to A P  \/ after %  mins. from the time at which the oscilla-
represented by 6 m V
X
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■e> 0 X
' ( " x ^ O ”  i f  — X U +
= (-i?)(l~ +  +-•--)
■? -Xs (' -  ( ^ - ) ( \ ~  •2^ J1-")]  <d>
It should ho noted that «=•
X
Noy/, for test 44? the ohsorved values of A.Z are given in table 12*
Taking A C  and A C  , corresponding to 'fr = 2 and 10 minutes respective-
iy>
* O-Of? W  f | _  0 002. i0‘2. _ o ■ 057 419 j
4  * 0 0 1 7  605-
= 0^0)7605 U  ~ O'000 5"t>7 2-0 j 
=■- t-130 |5"
■** - 0 '001 ™56}
=  \-c^h 7 
0
It is now clear that -g- can be evaluated to an accuracy of about
0.06$ as the ratio of ; while -§&. =5 Jk&M is correct YYithin
O', 2$' It is therefore sufficient to use the values of —£-11 for the
A e
purpose of determining the slope in equation (2).
Reverting to equation (4)> for test no. 44, the value of /v#'s is 
0o0306 C.H.U./( in? )(°C) from table 1 ,
a s  = 645 * 0.0306 X
A.E = 0.0293 in,lb/in? x cycle.
and from equation (6),
—  = 1290 -X 0.0306 X 11.32 y 106 x P,^ ,2l .y-.3«.^ ? >_100|
55.0 it. (11.3) * 10°
^  . = 0.519 fo
Test no. 44 has been chosen at random to evaluate the errors due to
di AP Al
graphical conversion of into and due to taking ~ -g~;- .
In the majority of tests the errors will be smaller than those given above, 
while in a small remainder of the tests the errors will be slightly larger, 
but always of the same order.
Table 13 gives a summary of results for individual test runs, number 
in chronological order; the table is divided into 6 sections, dealing in 
order with
1. high carbon steel, as drawn
2. u H " , annealed.
3. mild steel, as drawn,
4. " ", annealed.
5. aluminium alloy.
.6. brass.
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In this table tho tests are shown grouped into series A, 33, . •.. • Z,
AA, BB, XX and in subsequent tables and results, this method of
reference is used.
Tables 3 - 6  give the readings obtained during static tests to 
determine the modulus of rigidity for 1 - 4  above.
Table 14 and fig. 25 show the collected results for the effect of the 
number of cycles on the damping capacity at constant stress amplitude and 
frequency. It will be appreciated that at the commencement of each test no 
immediate readings of the damping capacity can be obtained, but that a 
minimum time must elapse until the temperature of the specimen becomes 
steady. Nevertheless, some observations can be made about the behaviour of 
the material on starting up, if the damping capacity changes rapidly. In 
that event, the power input to the speech coil of the vibrator affords a 
general indication of the changes which take place. Table 10 and fig. 17 
show a set of typical readings obtained at the commencement of a test with 
a virgin specimen.
The effect of frequency, i.e. rate of straining, on the damping 
capacity at constant stress is summarized in table 15 and illustrated by 
fig. 26.
Table 16 summarizes the effect of stress amplitude on the damping
capacity of the four types of steel referred to. The resulting four sets
of graphs ( and v. ir ) have been referred to as P  A s  &
respectively and have been plotted on one sheet for comparison purposes (fig£
31 and 32). It was found that for three sets, viz.  ^ 3^ and 6 the
/\ "F
curves of X\E and - passed through the origin and the graphs of
a E  v, , where ^  is the stress' amplitude, gave a straight line.
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Similar results were obtained for the set g" when the origin of the stress
axis was suitably shifted. The four sets of curves together with the
✓
appropriate logarithmic graphs are shown separately in figs, 27 to 30,
In drawing the logarithmic graphs it was found that the resulting laws 
were sensitive to errors in drawing the best straight line, It was there­
fore considered advisable to use the method of "least squares" to determine 
the best straight line through the points, The laws stated on figs, 27 to 
30 have all been obtained in this way, while the corresponding best curves 
have then been calculated and plotted. The actual experimental points are 
shown'in the figures.
The appropriate "least squares" relation are well known to be ;
IE ^  7VC i- mx Yi X
and xh. ~ 2L. X  '  ^where Itu and c
are the best values in ^  555 Y W X  4-C , and Yu is the number of observations 
of X  and oj. available. Also, x a n d  Values of
and calculated from the laws so deduced are recorded in table 17.
In view of the importance attaching to accurate results deduced from 
the cooling curves, a complete set of 25 of these has been shown in figs. 20 
to 24, the origin of each successive graph on one sheet being offset by i in, 
for convenience of plotting. This set of cooling curves covers tests nos, 
161 - 188, i.e. the complete results for the variation of damping capacity 
with stress amplitude for annealed mild steel (curves <3 ) and these graphs 
may be considered typical of the results obtainable with the apparatus 
described.
Pig. 34 shows 3 cooling curves (tests 158 - i6o) for 70/30 brass,
while none are included for the aluminium alloy. The reasons for this 
will he described in the next chapter.
In determining the frequency with the synchronous motor already 
described, the timing of successive revolutions was generally within t J % 
of the mean of about 6 - 8  successive readings, and never exceeded •§■ fo, even 
at high frequencies. In view of the precision of these readings, it was 
possible to check, to a limited extent, the accuracy of the second moment of
area and the modulus of rigidity. Thus, for a given mechanical arrangement
of inertia discs, the following was determined experimentally 
frequency, M»S« ~ as drawn _ 76,4 _ ^
frequency, M.S. - annealed 75.0 “ * .
Now the frequency of a free torsional oscillation is well known to be 
proportional to y  , where C is the modulus of rigidity, J the
second moment of area, and the distance of the free end from the node. 
Substituting from the relevant data, therefore
frequency, M.S, - as drawn / 11668 1 9*65
I  r ■■ i.ii f*  i in. ,m   S r i . f i .    rmiHiKCT— — auemamtmm ■. i—' ■ ihmhmiimm—>— > —g  ^ /  kmm'ji'ih hi im im mm* guiwnitni i I.......
frequency, M,S. - annealed V 11.35 1 9 .45
=
= 1.025
The agreement between the experimental and calculated ratios is therefore 
about i %o This must be considered a very good check on the values of J
assumed to bo the same for the fas drawn’ and ’annealed’ specimens. 
Although the above check involved the values of C  and , these were
separately and accurately determined. Also, results giving this kind of 
agreement were obtained for other specimens and frequencies and it is most 
unlikely that random errors would cancel each other out on every occasion,
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C H A P T E R  K  
Discussion of Results,
1, Overall accuracy.
It is considered, in general, that an overall accuracy of 5 - 10 % 
for damping capacity values can be considered very reasonable for such a 
sensitive property. In view of the reliability of the subsidiary measure­
ments in these tests, such an overall accuracy is confidently claimed here
and many of the later tests are reproducible within 3 % or less (cf, section
2 below). Any consideration of desirable accuracy must take into account 
the state of current knowledge and although this will be more fully dis­
cussed in the next chapter, it can be stated here that results differing by 
several 100 % from each other are available and some of the more unlikely 
ones have found their way into the established literature,
2, Effect of number of cycles (table 14, fig* 23).
Series A and B (test Nos, 18 - 37) show that, within the experimental 
error, the specific damping capacity does not vary with the total number of 
stress cycles at constant stress amplitude and frequency for high carbon 
steel. Series A is only recorded from about 1-jjr million cycles, as the 
earlier runs were required to test the apparatus and arrange for the stabili­
zation of the amplifier. Series B represents a virgin specimen of the same 
steel at the same stress and frequency of 26,7 cycles/sec.
It was quite certain from records kept that specimen S.1 had undergone 
stresses considerably higher than + 9,820 lb/in, during the preliminary tests
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preceding No, 18. The difference between the mean values of series A and B
y\ T p
( ==j— s 0,4-50 fo and 0,292 %) can be attributed to this stress history in
the case of specimen S,1, series A, In order to ascertain this point beyond
the one remaining doubt, a sample of steel from specimens S,1 and S.3 was
chemically analysed at the conclusion of the experimental work and perfect
agreement obtained for carbon and manganese content.
It will be seen that the greatest deviations of the individual points
from the mean is of the order of 12^ >0 Later tests have given much smaller
margins of reproducibility due to improved measuring techniques and it is
generally true that the percentage spread of the points decreases as the 
A Eactual value of increases. Thus, on reference to the line marked
W  (also fig. 25), it will be seen that the greatest deviation of one point 
from the mean value is only jfo9 one other point is subject to a deviation of 
2|^ o, the remaining 8 points being within 1 - 2/o of the mean value.
When series A and B had been completed, it was considered that the 
effect of the number of cycles on damping capacity could be safely neglected 
for carbon steels. For, although specimens S.1 and S.3 were of high carbon 
steel in the "as drawn" condition, it seemed likely that the result would be 
typical of carbon steels in general. This conclusion was justified by 
later events when, for quite different reasons, the series of tests W  and 
TT were run with mild steel in the annealed condition. Reference has been 
made above to the very much enhanced degree of reproducibility which was then 
achieved.
Attention must be drawn to the limitation of the results under the
heading "effect of number of cycles" due to the necessity for steady temper™
AFature conditions to develop before the first numerical value of A S  or In
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could be deduced. Thus, 78 minutes corresponding to 125,000 cycles elapsed 
at the commencement of series B before the first result was obtained. It 
soon became clear that, while the number of cycles did not affect the damping 
capacity after, say, 100,000 cycles, a very appreciable effect did occur at 
the onset of a test with a virgin specimen.
It has been found again and again that a virgin specimen required a 
much higher power output from the amplifier to maintain a given stress 
anplitude than the same specimen would require after 50,000 - 100,000 cycles* 
Table 10 and fig. 17 show this effect very clearly. It is not intended to 
imply that the damping capacity decreases necessarily in the ratio of the 
volte amps required to maintain the amplitude, viz, 21,0 at 0 cycles to 14.4- 
after 32,500 cycles; some of the change will be due to various electrical 
components attaining constant temperatures during the initial period. Yet, 
in tests other than on virgin specimens, the electrical effects have never 
been responsible for more than a very small adjustment in output power.
Upon investigating the literature on this point, it was found that 
several authors had observed a similar phenomenon at the commencement of 
tests. None perhaps has put the matter more directly than Haigh (16) who 
was working on a fatigue problem in the early 1920’s. Haigh records a 
change in temperature rise of a specimen in push and pull vibration from 
8°0 to 1*3°C during the first few tens of thousands stress cycles for a 
0.2Jfo carbon steel. He also, denotes this early period as "primary hysteresis 
followed by "secondary hysteresis" until just before fatigue failure occurs. 
The stress amplitude which Haigh used for these particular values was 
+ 34,500 lb/in?
The importance of this increased damping capacity during the first few
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tens of thousands of cycles is not primarily in the field of engineering 
application where this stage would soon be passed in practice* The really 
relevant conclusion which emerges is in respect of all the many tests carried 
out under static or quasi-static conditions. The former date from 
Hopkinson (6) and Eowett (7) to Dorey (34) and others, while quasi-static 
conditions may be said to apply to all those decay tests in torsion where the 
specimen is displaced once and then allowed to vibrate freely to rest while 
the decay curve is recorded. Although some experimenters, realizing the 
importance of attaining ’’cyclic conditions” displaced their specimens a few 
times before taking a record of the decay curve, this does not appear a very 
reliable means of assessing the onset of Haigh1 s secondary hysteresis.
The author oonsiders that the primary hysteresis effect is one of the 
fundamental causes of the wide divergence of recorded damping capacity values 
Whether or not primary hysteresis is likely to affect physical experi­
ments at small amplitudes where the damping capacity is considered insensitive 
to stress amplitude, is outside the scope of the present work and the above 
remarks are not intended to imply any conclusions regarding such work,
3. Effect of frequency* (table 15, fig, 26)
It has been previously mentioned that the lower frequencies were more 
readily obtained at high stresses while low stresses were more suited to the 
higher frequencies. In order to test the frequency dependence of damping 
capacity it was therefore necessary to select stresses of a medium order so 
that as wide a range as possible of frequencies could be investigated. The 
figure shows two sets of investigations on the high carbon steel specimens, 
as drawn, one at + 3,170 lb/in? and the other at + 7,480 lb/in? The
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frequency range covered under this heading is from 15*8 to 75*4 cycles/sec., 
although some other tests were run at 91*4 cycles/sec. It maybe concluded 
that no frequency effect, apart from a certain amount of scatter, can be 
detected.
Although the scatter of at least 2 of the points is fairly large,
later tests have indirectly served to confirm this conclusion also for other
/K "S'
types of material. Thus, for as drawn mild steel, -jr- = 0,988 $ at a
2
stress of + 7#900 lb/in, and a frequency of 55*8 cycles/sec. while a result
J\ TP
of = 0,966^ 6 was obtained for the same stress and a frequency of
27*1 cycles/sec.
The conclusion that damping capacity is insensitive to frequency over 
the range of 10 - 90 cycles/sec, is in keeping with the bulk of the available 
literature. An exception must be made for some of those workers who have 
been concerned either with ultra-high frequencies of the order of kilocycles 
sec. and/or with vanishing amplitudes when • is independent of stresshi
amplitude. Various references to the literature under the heading of 
frequency effect have been given at the opening of Chapter IV,
4. Effect of stress history.
This variable has not been investigated systematically, but ample 
references exist in earlier work to show that previous stress history plays 
an important part in determining the value of the damping capacity. The 
term "stress history" is usually meant to imply that the material has been 
previously stressed to a higher stress than the stress at which experiments 
are then carried out. Actually, the effect of the number of stress cycles 
at constant stress really falls under this heading but, in keeping with the
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usual convention, it has been treated separately under 2 above.
Evidence of the effect of previous overstressing is available in
several series of tests. Series A was conducted with a specimen (S1) which
was known to have been stressed to a stress amplitude at least 40$ higher
/V E
than that of series A. The value of was then 0.450fo. A virgin
specimen, series B, under identical conditions, but without prior overstress­
ing, gave a result of 0,292$. Specimen S4 was accidentally overstressed to
jA ean unknown, value and test series K and L gave results for of 0.286$ and
0.592$ respectively, while the corresponding results on other specimens of 
the same material, but without such stress history were 0,232$ and 0.344$ 
respectively.
In the three cases quoted, the percentage increase in specific damping 
capacity after overstressing was 54$, 23$, and 72$ respectively. It is clear 
that only a qualitative conclusion maybe drawn, viz. that previous over­
stressing increases the damping capacity appreciably. Prom a practical 
point of view, excluding the case where damping may assist in building up a 
whirl, this increase will result in limiting vibrational amplitudes rather 
more than design values based on figures obtained from specimens without 
stress history. It will therefore be an asset to the designer, rather than 
the opposite.
Another effect of stress history is apparent in the great difference 
in values for the damping capacity when dealing with tubes in the 'as drawn* 
and * annealed’ conditions. As the tubes are deliberately very thin, they 
have been subject to considerable work-hardening during the drawing process. 
This is clearly confirmed by the results of the mechanical tests summarized 
in table 1, The effect of annealing will, however, be discussed more
appropriately in section 5 below,
5. Effect of stress amplitudes, (tablo 16, figs, 27-32)
For reference purposes, oC refers to high carbon steel, as drawn; 
to high carbon steel, annealed; £ to mild steel, as drawn; and $ to 
mild steel, annealed, With the aid of the ’ least squares’ method, simple
•z
power laws have been obtained for the energy dissipation in in.lb/in, yc cycle 
as a function of the shearing stress amplitude in lb/in. Thus, the results 
are all of the form A E  = j-j—  , where 'wv and Jk are constants and F
is the stress amplitude, although not necessarily reckoned from the true zero 
of the stress axis. In view of the sensitivity of the ’least squares’ 
method to small inaccuracies in computation, the values of yt\j and J\ were 
calculated by machine with the following results
nrw A ]
oC 3.533 5.082 x 1015
Y3 2.591 1,222 x 1012
* 1,660 6.209 * 107
£ {
1.598
2.759
3.954- *  107 
6.486 X  10i1
It would however, not be realistic to quote the actual equations to 
such a high degree of accuracy and these are adequately given by the
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following s-
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Bearing in mind that the strain energy E = —  4# , and using the
A i-
values of 0 summarized in table 1, the following equations for the specific 
damping capacity x 100$ have been deduced
OC,
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The author believes that curves of -ig— and A S  should always be
drawn together for any tests where variations of damping capacity occur as
very misleading deductions can sometimes be made by considering one alone.
It will be observed that in the case of low carbon steel, in the ’as
drawn’ condition ( ^  ), the origin of the stress axis has been shifted by
2,500 lb/in. This is equivalent to defining a truly elastic range from 
f r' 2-k = 0 to =» 2,500 lb/in, for this material. This is a particular
A T?
case where the curve is found to be more useful that the a E curve, for
the latter usually tends to very small values at low stresses. On the other
/ l C l
hand, for , the zero value of is clearly indicated by a stress of the
2 2 order of +_ 2,500 lb/in. The actual amount of 2,500 lb/in, was determined by
several trials from the logarithmic plots of a  E against the corrected stress
values,
A number of tests were actually run at very low stresses (cf, table .16) 
but no overriding importance can be attached to these. At such low stresses, 
the amount of heating was insufficient to deduce values of £s>E and the 
purpose of these tests was to establish the point at which some heating could 
be detected, since apparent zero values had been observed. It is now 
considered that no special conclusions can be drawn from this, as the tempera- 
ture rise as such is not a property of the material j also, at the lower 
frequencies, a very small quantity of heat generated per cycle may be conduct- 
ed away at the rate at which it is generated. The degree of approximation 
to the experimental points given by the above laws is considered sufficient 
justification for the procedure adopted in regard to the law for "as drawn" 
mild steel ( yf ).
It is further known that physicists have measured or extrapolated
p
damping capacity at a few lb/in. and that they have obtained finite results 
at those stresses* It may therefore be argued that no curve should ever 
pass through a zero value of A E ,  but that a point of inflexion or a complete J 
change of the relevant law should be reported at near zero stresses# It j 
cannot be ruled out that this may indeed be so, but it is also clear from the I 
order of the lowest numerical values obtained that such a modification, I
important as it may be in a study of physical properties at vanishing ampli- j
tudes, cannot affect the applicability of the equations stated to practical j
problems.
In this connection it may be mentioned that in the case of ”as drawn” " 
high carbon steel ( OC ), it is possible to formulate laws in terms of 
( -1,000) or ( 4  ^-1,500) lb/in? which give practically as good an approxi ­
mation to the experimental points as the law in terms of given above#
The simpler law has been preferred for (X as it was felt that a very defic­
its trend is required before a zero loss range should be described#
High carbon steel has a lower specific damping capacity, however heat~ j 
treated, than low carbon steel. For high carbon steel, annealing causes a 
small increase in damping capacity at stresses up to + 7,000 lb/in# compared
to the values in the as drawn condition! for stresses higher than + 7,000 !
2 [
lb/in, the damping capacity of the annealed specimen is lower than that of
the cold-worked material#
On the other hand, annealing causes a considerable increase in the j
damping capacity of low carbon steel, particularly at the lower stresses#
In other words, an annealed mild steel behaves in a .much less truly elastic 
fashion at low stresses than it does after cold-working,
/\ T?
The *-|j— curve for the annealed mild steel calls for a special comment
2
in view of the pronounced maximum value at about _+ 4,500 lb/in. This also
A. E
serves as a further example of the occasional greater value of the ‘ -g— 
curve, as compared with the A E  curve. It is useful to recall the physical
X Ti1
significance of the decreasing part of the curve. This means that
above 5,000 lb, per sq,,in. the material is able only to convert a decreasing
fraction of its maximum vibrational energy into heat. This decrease was
observed to occur and continue at three successive stress amplitudes* It 1
seemed at the time of carrying out the tests that it was unlikely that this
decrease would continue indefinitely, but that either the specific damping
capacity would tend to a constant value as the stress increased, or that the
material would fail in fatigue.
In the event, the second alternative has been proved correct,
p
Specimen S10A failed at a stress amplitude of + 9,590 lb/in. after 461,000 
cycles at this stress. In case this had been fortuitous, another specimen 
was subjected to the lower stress of 7,540 lb/in, under which condition it 
had not failed after 5 million stress cycles (curve W ,  fig. 25). Upon 
increasing the stress to £ 9,590 lb/in. failure in fatigue again occurred, 
this time after 381,000 cycles.
In each of the cases of failure, the crack was opened up and examined 
under a microscope. The metal had the typical brittle appearance with facet 
formation which is often associated with fatigue failures of ductile material 
The fatigue crack started, as usual, at a point of stress concentration, in 
this case at the clamp holding the tube in the top chuck. As the clamp 
made a mark on the surface of the tube, a stress concentration evidently 
existed at this point.
It was at this stage, that a commercial torsion test, already referred
89.
to and recorded in table 7, was carried out on a piece of annealed mild steel 
tube with a view to correlating these failure results#
In consequence it can be stated that -
(a) the maximum value of the curve, S  , occurs at a stress
equal to 0.13 of the yield point in tension, and 0.25 of the 
yield point in torsion;
(b) the stress at which the fatigue failure occurred (not necessarily
the very lowest at which it could occur) is 0.19 of the tenacity 
in tension, and therefore probably of the order of 0.4 of the 
tenacity in torsion.
While it would be rash to draw too sweeping a conclusion from these 
failures and the above figures, it seems that for annealed mild steel the 
range of stresses warning of the likely onset of fatigue, is the range over 
which the specific damping capacity decreases.
It seems unnecessary to elaborate the profound importance of this 
statement if it can be independently verified for this and other materials. 
Such a statement is not necessarily in conflict with the widely held opinion 
that the onset of fatigue is associated with a rise of temperature (Haigh, 16P 
and others). For, it is to be noted that while the specific damping 
capacity decreases from 1.87^ to 1*43/6 over the relevant range of stresses, 
the steady state temperature rise of the material increases from around 3i°0 
to 5i °0, and the value of the actual energy dissipated increases from 
0.02060 to 0.05800 in.lb/in^ X cycle; i.e. a percentage decrease of some 
23/6 in the specific damping capacity is associated with a percentage increase 
of some 180^ 6 in the energy dissipated per cycle.
90.
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Moreover, with the exception of the curve, c< , which represents
j\ -pi
the steel with the highest tenacity, the other curves of -igp- may well he 
tending to a maximum value just beyond the greatest stress reached in these 
tests.
The maximum value of the $  curve has been stated to occur at about 
0.13 of the yield point in tension# Although the figure of 0.13 may not 
apply to all other materials tested, the corresponding shearing stresses at
v/hich maxima may be expected in the curves, would be s-
2 /3 2 Poi s £ 13,200 lb/in. ; /3 . + 6,600 lb/in. ; 'g" : £  10,200 lb/in.’
On reference to fig* 31, it will be seen that such maxima may well occur in
the case of and ^  , but not in the case of ,
Further, the stress amplitude at which fatigue may be expected is
approximately 0.19 of the tenacity in tension for q  above) and, if
the same figure were to apply to the other three steels (this may again not
be so) then the appropriate stresses for fatigue failure would be
OC : £ 19,300 lb/in? ; fl \ + 17,800 lb/in? ; y  : + 14,800 lb/in?
(These stresses are all well below the respective yield points in torsion.)
^  EThe highest stresses at which increasing values of have been recorded 
experimentally are :
ot ; + 12,300 lb/in? j /3 : + 12,100 lb/in? ; ft ; + 9,400 lb/in?
It therefore appears possible, though not proved, that the <X , A* 
and ^  curves may eventually show the same tendency as has been demonstrated 
in relation to the & curve.
A  Tjt
Although other workers have obtained curves showing a maximum
value or near maximum value, no definite correlation with fatigue failure has
been previously established. The one possible exception is a paper by t
Bairstow (4)5 this work is concerned with fatigue phenomena, but Bairstow 
used very slow speed tension-conpression cycles (about 2 cycles/min.) and 
determined the shape and area of the hysteresis loop. Although for a number 
of reasons Bairstow1 s conclusions are not directly comparable, he did observe 
repeatedly that, at stresses just before fatigue failure occurred, some 
"elastic recovery" took place,
6. Non-ferrous metals
Tests on aluminium alloy and 70/30 brass are recorded in table 13 ,
test nos, 153 - 160. Fig, 34 shows 3 semi-logarithmic plots of cooling
curves for the brass specimen.
The aluminium alloy tests were run at stress anplitudes up to 
2£ 4,000 lb/in,, at which stress the angle of twist at the top chuck, and 
therefore the displacement of the speech coil and the pick-up, were equiva- 
lent to a stress of n e a r l y 12,000 lb/in. in steel at similar frequencies 
(cf. modular ratios).
It was not possible to deduce any values of A E  as the temperature 
rise was consistently too small for a cooling curve to be obtained. It is 
worth noting that a somewhat greater temperature rise, though still
insufficient, was obtained in the first test with a virgin specimen at a
2 2 
stress of _+ 2,800 lb/in., than was subsequently obtained at + 4,000 lb/in.
It is therefore possible that an initial cyclic effect exists for this light
alloy in a manner similar to that for carbon steel.
The reasons for the barely detectable temperature rise are twofold.
.Firstly, it is fairly well known that the danping capacity of Dural type
alloys is very low indeed. Thus, Cottell (82) has reported values of
92.
2
"between 0*001 and 0*003 % for surface stresses of about £ 6,000 lb/in. in a 
solid specimen* Hanstock (7b-) has obtained 0*005 % for a fully heat- 
treated alloy over a wide range of surface stresses, up to + 12,000 lb/in.
A Tp
It is easy to see that such low values of and E cannot be readily
determined by a temperature rise method.
The author has some indirect evidence that the danping capacity of 
this alloy must have been very low. The power output from the amplifier to
-f:
maintain a given high strain amplitude was only ^  of that required for some 
of the steels under similar conditions; while at low strain anplitudes 
this fraction was around . Upon switching the amplifier off it was 
easily observed how much longer the specimen took to come to rest than any 
of the steel specimens*
The second reason why the aluminium alloy tests did not yield any 
results lay in the difference of physical properties of this material, 
compared to steels* Table 1 shows that the thermal conductivity for 
specimens A*1 - 6 was three to four times the value for steel; the thermal 
resistance to heat transfer by conduction would be correspondingly lowered, 
resulting in a low steady state temperature rise.
Tests 156 - 160 record some results on 70/30 brass. The values of 
the damping capacity are, in this case, well within the range which is 
measurable in principle with this kind of apparatus. The difficulty which 
arises here is clearly illustrated by the cooling curves, fig. 3b* It will 
be seen that in every case there is a considerable change in slope some 3 - 
b minutes aftea*. ssfcitdbdng the rig off. It is considered in the light of 
experience gained that the cooling curve must be recorded for at least 8 - 1 0  
minutes at minute intervals in order to obtain a reliable slope of the line*
Slopes based on 3 points cannot be considered reliable and the results are 
only quoted as an illustration and to indicate the order of the damping 
capacity.
It did not seem altogether satisfactory to account for the unsuccess­
ful tests on brass solely in terms of the heat being conducted away too 
rapidly, even though the thermal conductivity for brass is about 2jjr times 
that for steel* An attempt was made to determine analytically the manner 
in which **he temperature distribution in the steady state and during the 
cooling period would be affected when the physical constants we re changed 
from those applying to steel to those relating to brass.
The mathematical treatment is given in detail in Appendix E. The 
analysis and subsequent computation show, above all else, that the heat 
loss from the specimens used cannot take place solely, or even largely, by 
conduction along the tubes* The heat loss, in the steady state and during 
the cooling period, takes place as a combination of conduction along the 
tube and of, surface transfer, the latter being the predominant effect.
Under these conditions, the change in physical properties from steel 
to brass has a very large effect. Thus, assuming the surface coefficient 
of heat transfer to be the same, the tenperature of the mid-point of the 
steel tube falls theoretically by 51 *5% during the first 200 secs, of cooling 
and by 76.5$ during the first 400 secs, of coolingj while the corresponding 
values for brass are 84.7$ and 97«9$ respectively, Eig, 38 illustrates 
this behaviour and shows that, in the case of brass, the excess temperature 
above the surroundings becomes negligibly small after 300-400 secs.
In interpreting these values, it must be stressed that they only 
apply to the case where the surface heat transfer coefficient is constant.
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Moreover, the exponential series from which these results have been calcul­
ated is very sensitive to quite small changes in the value of the surface 
coefficient. It is clear from an inspection of the collected experimental 
results that such changes do, in fact, occur and this explains why it was 
necessary to determine the rate of cooling experimentally for each test, 
even at the same frequency. It also explains why Becker’s assumption (26), 
that the rate of cooling could be taken to be constant, is invalid,
It seems probable that the behaviour of the experimental cooling 
curves for brass (fig. 34) is adequately explained by a small change in the 
surface coefficient of heat transfer occurring at the very low temperature 
excess reached after 200 to 300 secs, of cooling time.
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C H A P T E R  X
Comparisons with earlier work
In fig. 33 an attempt has been made to compare the specific damping 
capacity of a number of steels with each other and with the author* s resultsc
to the considerable literature and to the large variations in results. It 
must be realized that the curves which have been reproduced are not all 
strictly comparable, as the majority have been obtained on solid specimens. 
It has already been explained (pp. 20,21) why it is not practicable to 
convert the "solid shaft losses" to true losses at the nominal stress.
The relevant details of the curves in fig. 33 are :
Rowett (7) : decay method, 0.17$ carbon steel, 0*24 $ manganese, 
hollow specimens;
curve 7a : annealed ; curve 7b : un-annealed.
Fcppl (18) : wrought iron solid specimen, decay method after continuous
oscillation.
Becker (26) : steady state temperature rise after continuous torsional
oscillation, 0.32 $ carbon steel, 1.3 2 $ manganese; oil 
hardened and tempered; solid specimen.
Voigt (28) : continuous oscillation followed by decay readings;
0.33 $ carbon steel, solid specimen,
(32) : method not stated, but probably by decay; 0,22 $ carbon
The latter <5 • Reference has been made
steel, solid specimen.
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Dorey (34) : static hysteresis loop determination; 0.21 $ carbon steel,
solid specimen,
Appenrodt (37) : decay method after steady oscillation; solid specimen;
curve 37a - 0.35 $ carbon steel, 0,80 $ manganese; oil hardened,
curve 37b - 0.24 $ carbon steel, 1,06 $ manganese; no heat treat­
ment after forging;
curve 37c - 0.22 $ carbon steel, 0,70 $ manganese; annealed,
Sonnemann (43) : decay method after steady oscillation; also thermal
measurement on starting up; 0.12 $ carbon steel, 0.50 $ 
manganese; solid specimen.
Norton (48) : decay method alone; low* carbon steel, annealed; solid
specimen.
Contractor (50) : decay method alone; solid specimen;
curve 50a >•> 0t. 2 $ carbon steel, hot rolled;
curve 50b ~ 0e9 $ carbon steel, hot rolled;
curve 50c - 0.3 $ carbon steel, normalized,
Hatfield (62) : decay method alone; solid specimen;
curve 62a - 0.21 $ carbon steel, 0.59 $ manganese; normalized,
curve 62b - 0,09 $ carbon steel, 0.56 $ manganese; normalized,
curve 62c - 0.10 $ carbon steel, 0.26 $ manganese; normalized,
curve 62d - 0.26 $ carbon steel, 0.56 $ manganese; normalized,
Hanstook (74) ; continuous oscillation; records by means of a special 
instrument calibrated by decay method, but used during 
the steady oscillations; sleeve shrunk on solid specimen 
in case of ferro-magnetic materials; 0.59 $ carbon steel, 
0,75 % manganese.
Oottell (82) : decay method alone; solid specimen; 0,20 $ carbon steel.
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It will be seen how difficult it is to compare results varying to the 
extent shown in fig* 33* The curves plotted represent a fair cross-section 
of the literature and have only been selected in so far as the kind of 
material is concerned, so as to be even remotely comparable to the present 
work*
The only results which appear at all of the same order as the oC ,
p* 9 Jf * and curves are those of Rowett (7b), Oontractor (50b) 
Hanstock (74) and Cottell (82), Yet these four curves were obtained with 
solid specimens with the exception of (7b) which represents a tubular 
specimen of 0,17 % carbon in the as rolled condition. The curves (50b),
(74) and 82) refer to solid shaft losses plotted against the greatest fibre 
stress.
Kimball's results (25) are shown plotted on fig, 32, He defines a 
frictional constant ^  for a given material by the eauation
~ , where j- is the stress amplitude.
His experimental methods are now known to be capable only of very approximate 
results. It will be seen that the curve plotted, for mild steel, does agree 
moderately well vhLth some of the author's curves. The particular value
j-. —i^ n ? ••i
of was 1*6^ 10" in, lb • Nevertheless, Kimball's approach seems 
oversimplified as it does not seem at all likely, apart from the actual 
evidence on the four types of steel, that such a sensitive property as 
damping capacity can be expressed in that way for all types and kinds of 
materials, A particular disadvantage of Kimball's law is that the ratio 
of becomes stress insensitive, a fact which has been disproved by allilk
other workers.
jOa
Dorey’s work (34) needs to be especially mentioned as his results
have found their way into some textbooks, e.g. Ker-Wilson (87) and Tuplin
/N E(36). One of his curves is shown in fig. 33* It will be seen that «=g-
2
exceeds 4 fo  at stresses as low as + 3,000 lb/in. Actually, Dorey does not
A  Equote values of -g— , but confines himself to A E  values. His table 3 
gives the following results, amongst others
+ £ jlb/in? 2,760 6,160 10,450 13,800 19,000 21,500
J £1
AS, in lb/in? 0.0059 0.076 0.404 1.382 11.57 30.1
xcycle
6 2With a value of 0 » 11.63 X  10 lb/in. which Dorey assumes, it is readily
i lseen that the maximum strain energy per cycle for a solid shaft wu.,.
•Z
be, in order, in in.lb/in. x cycle j
0.164, 0.814, 2.34, 4.08, 7.75, 9.93
This, in turn, gives values for the specific damping capacity clearly 
exceeding 100 fo  for the last two points. It is difficult to see how such 
values could be explained and the author is not aware of any other published, 
results exceeding or approaching a specific damping capacity of 100 fo*
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C H A P T E R  XI
Suggestions for additional work and further improvement of apparatus. 
There is a very large field for further work to be carried out on 
this and associated subjects* Owing to great practical importance perhaps 
the most vital development lies in the direction of further correlation 
between damping capacity and fatigue* In order to reach the larger 
stresses in steel tubes which will be required in such work, a vibrator 
with a greater allowable movement of the speech coil is preferable.
Also, the present set-up involves an element of instability at the 
driving point which can be overcome by using a second vibrator. This will 
enhance the stability of the very free suspension and enable larger stresses 
to be reached. The power output of the amplifier will, it is believed, be 
sufficient to drive two vibrators at the lower frequencies and at large 
amplitudes, An extension of work in this direction will also have the 
advantage of yielding results of high accuracy and reproducibility.
A field of work for which the apparatus is immediately suitable is 
an investigation of the damping properties of plastics. Suitable thin- 
walled tube is commercially available and the increasing use of plastics in 
industry, not least in the field of aeronautics, will make this a 
worthwhile study.
Compared to the mass of data 'available on different types of steel, 
there is a comparative dearth of information regarding the damping capacity 
of non-ferrous alloys. Owing to the high thermal conductivities of such
metals, the experimental technique will have to he modified so as to reduce 
the heat loss from the specimen. Such modification may make it possible 
to examine aluminium alloys, particularly at higher frequencies. In view 
of the very low values of the damping capacity it is, however, difficult 
to predict whether this would be successful.
There remains, of course, the large field of ferrous alloys including 
the new heat and creep resisting alloys for which the apparatus is immedi­
ately suitable*
For some of the materials mentioned it may be important to investi­
gate the frequency dependence or otherwise of damping capacity over a 
larger range of frequencies than has been done here for carbon steels, 
particularly in the range of still higher frequencies. The large shift 
in the node position makes this impossible at present and the second 
vibrator, already referred to, will then be necessary,
101,
C H A P T E R  XII
Summary of* Results,
The specific damping capacity has been investigated for a high and 
low carbon steel, each in the ‘as drawn* and ‘annealed* condition. The 
stress conditions have been such that the specimens have been subjected to 
a uniform shearing stress amplitude throughout the whole of the material.
It has been established that
1. Except for an initial period, the damping capacity is independent of 
the numiber of previous stress cycles at a given stress. The initial period 
is of the order of some tens of thousands of stress cycles during which 
tin® the damping capacity decreases considerably until it attains its steady 
value,
2, Over the range 10 - 80 cycles/sec, the damping capacity is independent 
of the frequency,
3« The damping capacity at any one stress is considerably increased by 
previous stress cycles at a higher stress.
4. The variation of damping capacity with stress is large and can, in 
every case, be represented by the simple power laws quoted on p.85.
5* No general conclusion can be drawn about the effect of annealing, but 
low carbon steel has a much larger damping capacity at low stresses when 
annealed than when in the ’ as drawn* condition.
102.
6, For annealed low carbon steel the onset of fatigue failure is 
associated with a pronounced decrease in the specific damping capacity,
7* The specific damping capacity for carbon steels in the !as drawn* 
condition becomes negligibly small below a certain stress.
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■APPENDIX A
TABLE 1
PHYSICAL PROPERTIES OP MATERIALS TESTED
S1-S6 S1A-S6A S7-S12 S7A-S12A A1-A6
-------
b i-b 6
D, in. 2.0006 2.0006 2.004 2.004 1.9984 1.9987
t, in# 0.03075 0.05075 0.0504 0.0504 0.0613 O.04.95
d, in. 1.8991 1.8991 1.9032 1.9032 1.8759 1.8997
0.975 0.975 0.977 0.977 0.969 0.975
A * 2A, in. 0.3109 0.3109 0.3093 0.3093 0.373 0.303
J, in^ 0.295 0.295 0.2954 0.2954 0.350 0.2877
C, lb/in? 11.32 x 10^ 11.15* 106 11.68 *10^ 11.35* 106 3.977*106 5.82* 10
w, lb/in# 0.2836 0.2836 0.2839 0.2839 0.101
l!
0.308 j
s, cal/|gra#}fc) 0.108 0.108 0.108 0.108 O.23 0.09 I
I
CHU
WSj(cu.in#)(°C)
0.0306 0.0306 0,0307 0.0307 0.0232
i
0.0277 !
i|
k, cal/jbm.}( °C) 
(sec)
0.124 for 0.23$ C .37 - .46 0.29 |
I
Tension Ii
Yield, lb/in? 101,300 50,800 78,000 34,100
I?
2
Tenacity lb/in. 101,300 93,800 78,000 50,000 I\
2
Fail, lb/in# 94,200 88,400 70,100 45,500 !
Torsion
Limit of Prop., 
lb/inr
14,880
Ii
Yield, lb/in? 17,850 i
I
,TABLE 2
CHEMICAL ANALYSES OP MATERIALS TESTED
Material
o.. fo  Mn f> Si fo  S fo  P f>  Pe
S1 - S6
(Accles & Pollock "11" Quality;
EN 2 )
0.56 0.60
<
0.40
<
0.04
<
0.04 rem.
S7 - S12 
(Accles & Pollock "B,f Quality;
EH 9 )
0.12 0.39
<
0.30 0.05
<
0.05 rem.
SiA - S6A 
(i.e. S1 - S6 annealed)
0.53 - - - -
S7A - S12A 
(i.e. S7 - S12 annealed )
0.11 — — - - -
Material fo  Cu fo  S& fo  Si fo  Fe fo  si pito. f<M g fo A1
B3
(I.C.I, 70/30 Brass) 71.0 0.2 rem. - - - -
A1
(Moral, 26 SW alloy) 4.5 - 0.1 0.5 0.8 0.8 0.5 rem.
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TABLE 3
Modulus of Rigidity Tost, M.5
Specimen S1
T
Torque, 
lb, in.
Reading,
n/m.
X
Movement, 
n/m.
0 0,65 0
200 2.00 1.35
400 3.20 2.55
600 4.20 3.55
800 5.40 4.75
1,000 6.50 5.85
00CM 7.60 6.95
1,400 8,85 8.20
1,500 9.50 8,85
Slope of T - x graph = 1&9.5 lb .in,/mm., cf. Pig. 14
P  = 24. 06 in,) 
n ) of. Pig. 10
A  - 19.34 in.)
Microscope calibration, 10 n/m of graticule se 6 c/m
actual distance.
= 169,5 x 2 ^ :|19;34 = 11>32 * ^ . p a r  aq,in.
TABLE 4
Modulus of Rigidity Test, M.9.
Specimen S2A
T
Torque,
lb.in.
Reading, 
up, n/m.
X
Movement, 
up, n/m.
Reading, 
down, n/m.
X
Movement, 
down, n/m.
0 0.05 0 0,05 0
200 1.25 1.20 1.27 1.22
400 2.45 2.40 2.50 2.45
600 3.65 3.60 3.75 3.70
800 4.85 4.80 4.90 4.85
1,000 6.02 5.97 6.15 6.05
1,200 7.15 7.10 7.25 7.20
1,400 8,40 8.35 8.45 8.40
1,600 9.55 9.50 9.55 9.50
Slope of T - x graph = 166.6 lb.in./mm,, cf. Pig, 14
ft= 24,06 in. ) « .
j£= 19.375 in.) * F S# 10 ,
Microscope calibration, 10 n/m of graticule S  6 n/m
actual distance.
Modulus of Rigidity Test, M.10 
Specimen S8
T
Torque, 
lb* in.
Heading, 
up, n/m.
X
Movement, 
up, n/m*
Reading, 
down, n/m*
X
Movement, 
down, n/m.
0 0.25 0 0*25 0
2C0 1*40 1.15 1*40 1.15
400 2*55 2.30 ■2ft 55 2.30
600 3.75 3.50 3.75 3.50
800 4.95 4*70 4.95 4.70
1,000 6*05 5.80 6*075 5c 825
1,200 7.20 6*95 7.20 6*95
1,400 8*35 8.10 8.35 8*10
1,600 9.45 9.20 9.45 9.20
Slope of T ~ x graph = 174.0 lb.in*/mm„, cf. Fig. 14
24a06 in. ) ~ p.
2 =  19*47 in. ) cr° Flgo 10
Microscope calibration, 10 n/m of graticule 3  6 n/m
actual distance
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TABLE 6
Modulus of Rigidity Test, M. 12
Specimen S8A
T
Torque, 
lb, in.
Reading, 
up, n/m.
X
Movement 
up, n/m.
Reading, 
down, n/m.
X
Movement, 
down, n/m.
0 0.20 0 0.25 0.05
200 1,40 1.20 1.50 1.30
400 2,65 2,43 2,70 2.50
600 3.85 3.65 3.85 3.65
800 3.00 4,80 5.00 4.80
000-ST- 6.15 5.93 6.15 5.95
1,200 7.25 7,05 7.30 7.10
1,400 8.40 8,20 8.45 8,25
1,600 9.50 9.30 9.50 9.30
Slope of T - x graph = 170,0 lb.in./mm, , cf. Fig, 14
24.06 in, ) «
19.37 in. j of’ Plg- 10
Microscope calibration, 10 n/m of graticule ^  6 n/m
actual distance.
n 170.0 X 25.4 v 24.06 * 19.37
o.S A 0.2954 11.35 X  10 lb. per sq.in.
Commercial Torsion Tost, 
Specimen S10A
Torque, 
lb. in*
Reading,
n/m* /*n m.
&»
radians.
fxs » 
lb*per 
sq* m.
0 50 0 0 0
2,000 51.2 0.00394 6,610
4,200 52*5 2.5 0*00820 13,900
4,500 52*7 2.7 0.00885 14,880
4,600 52.8 2.8 0,00918 15,200
4,800 53.0 3.0 0.00984 15,860
4,900 53.1 3.1 0.01016 16,200
5,000 53.25 3,25 0,01065 16,500
5,100 53.5 3.5 0.01147 16,850
5,200 53.8 3.8 0,01245 17,200
5,300 54.0 4.0 0.01311' 17,500
5,400 yield - - 17,850
4,850 75.5 25 0 5 0*0836 16,000
5,000 80.0 30*0 0.0984 16,500
5,100 95.0 45.0 0.1475 16,850
6,000 30 degrees - 0*524 -
7,000 45 " - 0,787 -
7,900 60 ” - 1.048
9,800 90 " - 1.572 -
11,850 180 "■ - 3*14 -
12,700
............
270 " (break) 4.72 -
.
■£y — Boi9 in, ) nx* tij „
4 = 12.0 in. ) cf* Plg-10
Limit of Proportionality = 14,880 lb 0per sq,in„
Yield Point = 17,850 lb*per sq.in*
TABLE 8
DETERMINATION OF NODE POSITION
1
Specimen Frequency Top = a 
cm.
Bott.s b 
cm.
a
b-
4Mean -s-
*Ci
Aan.
TESTS 1 - 42
S'f! 26*7 3*2 3.9 0.820 0 788 x -----t! ti 1.8 2.4 0.750
o, /to* ii2o7
AnI ti 1.1 1.45 0.759 = 0,856
14|-0 Ovy
I
S3
ti
35,2
3o6
3*0
4.45 
4*. 0
0,809
0,750
0 750*U. i12d? 14,42
approx. = 0.818
S3 55.0
approx.
4,0
5*0
6.2
7.7
0.645
0,649
Oo 647 12,56
TESTS 43 ONWARDS
S2 75*4 2,0 5.0 0.400
it it 3.0 6.8 0.441
9*56it it 1.9 4.4 0.432 0,423
ti it 2,0 4© 7 0.425
tl it 2,8 6.7 0.418
S4 55*0 2.0 3.35 0.597
it ti 2.6 4,25 0.611 0,611 12.16
i i n 1.2 1.92 0,625
S4 35*2 2.5 '3.1 0,806
it it 2.8 3.45 0.811 0,806 14.31
ti it 2,0 ■2.5 0,800
S4 26„7 3,0 3.4 0.882
i t II 2.0 2.2 0.909 0.888 15.09
ti If 2.4 2.75 0.874
S3 15.8 3,3 4,05 0,815
it It 2*5 3.2 0.781 12110 7Q7 X JLriL--.
it 1 2,0 2.5 0,800 u«'^( 104.7
ti II 3.0 3,7 0.811 = 0,922 15.38
n tl 4.0 5.15 0,776
SUMMAKT OF FREQUENCY & NODE POSITION*
Wheels Discs
Material Specimen
No.
6-7“7a 6-7 13-14-15 13-14 Bottom
only
13
High 0 as drawn S1-S6 :Y^ O o P 9 S . 15.8 26,7 35.2 55.0 75.4 91.4
p in. 15.38 15.09 14.31 12016 9,56 9.37
High C annealed S1A-S6A Y^ C.p.So 15.6 26,4 34.8 54.4 74.5
15.38 15.10 14.40 120 25 9.72
Mo S. as orawn S7^S12 S
.4 in.
27.1
15.05
35.7
14.32
55.8
12,10
76,4
9.45
Mo S'. annealed S7A-S12A „o.p.s
^in.
2 6,6 35.1
14.36
54,8 75.0
9.65
Dural A1-A6 ^C.p.S
J  in.
»
17.2 22,7
15.23
35.5 48,6 
12,90
70/30
Brass
B1-B6 n ? ,p,s
,/in.
53.1
12,39
.All values of /, are valid from Test 43 onwards0
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TABLE 10
EEPEOT OF NUMBER OF CYCLES ON ENERGY ABSORBED 
AT COMMENCEMENT OF TESTS WITH A VIRGIN SPECIMEN.
Test 143; Specimen S9; / = ± 7,900 lb/in^; n = 27© 1 cycles/sec
2
Time0 minso Current, Amps. V.A.(app.) Cycles
0 1.45 21,0 0
7 1.30 16.9 11,400
9 1.28 16.4 14.650
14 1.23 15.1 22'750
20 1.20 14.4 32,500
© 
ft
0 sensibly constant
TABLE 11
TEMPERATURE DISTRIBUTION IN STEADY STATE 
PARALLEL TO AXIS OF SPECIMEN.
Distance from top (in.) ru-V■> thermocouple e. m. f«
4 595
10 613
16 (central section) 617
22 617
28 610
TABLE 12
Typical sot of heating and cooling readings 
 _______  for a complete tost ___ _
(Test No,44 ; specimen S3 ; n = 55*0 c/s)
Time,^, mins. Terap.diff., Ambient
Temp,
£,/LOV
&M
7f
J U  ^
d 10 9
Heating Cooling
0 0 521
6 58
15 92.5
21 107.5
31 122
39 131.5
53 139.5 525
68 14-6
79 147.5
99 146 529
101 147
102 0 147 =Ae 530 1.0 0
1 137.2 1.071 0,0298
2 130 1.130 0.0531
3 123 1.195 0.0774
4 117.4 530 1.252 0.0976
5 111.7 1.316 0.1193
6 106,8 1.376 0.1386
7 101.9 1.443 0.1593
8 96.8 1,518 0.1813
9 92.4 1.590 0.2014
10 87.5 529 1.680 0.2253
Stress readings ; Deflection of hair-line on scale = 209 cm, at
116,5 crn. from tube centre-line.
TABLE 13
SUMMARY OP RESULTS IN CHRONOLOGICAL ORDER
Series Test
No.
Speci­
men. ±  &  2lb/in.
n,
c/s.
A  E~ P MeanA E
E /2
A E  
in. lb. 
(cu, in,)*/V
Mean
AS
OC.High Carbon Steel s as drawn
18 S1 9,820 26.7 0,451 .0193
19 »t tt 0.410 .0175
f 20 tt tt tt 0,476 .0204
A* 21 n tt tt 0.405 0.450 .0172 .0192
22 ti tt tt 0.472 .0201
23 n tt ft 0.486 .0207
26 S3 9,820 26.7 0.281 .0120
27 tt tt tt 0.231 .0107
28 tt tt tt 0.309 .0132
29 it t? tt 0.263 .0112
&* 30 tt
tt tt 0.269 .0115
B 31 tt tt tt 0.306 0,292 .Oi31 .0124
33 tt tt tt 0.322 .0138
34 tt it tt 0.313 .0133
35 t» ft tt 0.290 .0123
36 tt tt' tt 0.286 ■ .0122
37 tt tt It 0.320 .0136
38 S3 10,180 35.2 0.399 .0182
39 11 9,840 tt 0.375 ,0161
C 40 tt tt tt 0.399 0.400 .0170 .0174
41 tt tt tt 0.426 .0183
42 S3 11,310 55.0 0.534 .0302
D 43 ft 11,300 «t 0,449 0,501 .0253 .0283
44 tt tt tt 0.519 o0293
46 S2 7,430 75.4 0.474 .0116
47 it tt tt 0,355 000866
E 48 ft tl tt 0.521 0.417 ,0127 .0102
75 S5 tt tt 0.394 .00958
77 tt tt it 0.341 .00830
52 S4 3,120 75.4 0.212 .00247
53 tt tt tt 0.313 .00364
F 68 tt tt tt .0,249 0.254 ,00288 .00295
69 » St tt 0.240 .00279
"t* =s after overstressing and unbalanced; - unbalanced.
TABLE 13 (Continued)
Series Test
No.
Speci­
men,,
+ f— I s  n 
lb/ in. c/s.
A E  ^ 
B /0
Mean
AE
A E  
in. lb.
Mean
AS
E“ / j (cu, in^ j* t*
Gr
54
55
56 
66 
67
S4»
tt
tt
tt
5,230
tt
tt
tt
it
55-0
tt
it
tt
tt
0.267
0.272
0.244
0.177
0.316
0,255
.00322
.00329
.00295
.00213
.00380
.00308
H
59
60
61
S4tt
tt
5,130
it
t»
35e 2
It
tl
0.214
0.272
0.174
0.220
.00249
.00315
.00203
.00256
J
62
63
65
S4tt
tt
5,190
ti
ti
26.1
tt
it
0.249
0.155
0.189
0,198
.00297
.00184
.00224
.00235
K+
10
71
72
S4i«
ti
5,200
ti
ti
91o4tt
tt
0.276
0.258
0.325
0,286
.00329
.00309
,00387
.00342
Lt 7374
S4ti
.
7,430
tt 75.411
0.622
0.562 0.592
,0152
.0137 ,0145
M
78
79 
81
S5it
tt
7,440
tt
it
55.0
1
it
0.311
0.341
0,306
0,319
.00760
.00832
,00748
.00780
N
82
83
84
S5tt
it
7,530
ti
tt
35.2
11
u
0.346
0.300
0,320
0.322
. OO864
,00748
.00804
000805
P
86
87
91
92
S5tt
it
ti
7,460
it
tt
tt
26,7tt
ti
11
0.348
0,263
0.353
0,364
0,332
.00852
.00645
.00864
.00894
.00814
Q
94
95
96
S51
tt
7,540
tt
it
15.8
it
tt
0.380
0,362
0.253
0.332
,00954
.00908
,00636
.00833
R
97
98
99
S5
it
tt
9,940
1
tt
15.8
tt
tt
O.636
0.569
0,650
0.618
.0276
.0249
,0283
.0269
1t
■j* = after overstressing.
TABLE 13 (Continued)
Series Test
No.
Speci­
men, 4 A „
lb/in.
n, 
c/ s.
A E  ^
E r
Mean
A E  ^ 
~ ' 3
A E  
in. lb.
Mean
A E
(cu. in|x"v
100 S3 12,330 15.8 0.854 .0576
S 101 it it tt 0.866 0.849 .0580 *0571
102 u it tt 0.828 .0556
m i 197 S5 1,030 33.2 zero zeroX 198 it tt ti zero zero
u 199 S5 2,050 35.2 v0 small v. small
V 200 S3 3,420 35.2 small'
small
A High Carbon Steel, Annealed
105
”T '
S4A 6,740 15.6 0.426 .00866
106 u It It 0.277 .00562
w 107 tt It It 0.204 0.332 .00415 ,00675
108 it ft It 0,419 000855
110 S4A 9,450 15.6 0.422 .0169
X. 111 tt it tt 0.458 0.412 .0183 .0165
112 tt tt tt 0.357 .0143
115 S4A 10,800 15.6 0.458 o0240
114 it ti tt 0.380 .0199
J 115 tt n tt 0.438 0.427 .0229 .0223
116 it it tt 0,431 .0225
117 S4A 12,140 15.6 0.486 .0323
z 118 it it tt 0.518 0.490 .0343 ,0325
119 tt it It 0.465 .0308
121 S6A 4,720 54*4 0.277 000276
AA 122 15 t» it 0.295 0*289 .00296 ,002.89
123 tl SI it 0.295 ,00296
124 S6A 5? 900 54.4 0o336 .00523
EB 125 it it tt 0.251 0.283 *00394 .00442
126 it it ti 0.263 .00408
\
cc 201 S2A 1,000 34.8 zero zero
f
I
DD 202 S2A 2,010 34.8 zero zero |i ;
EE 203 S2A 3,020 34a 8 ; v.small vc small
?1 ! 
t !
* „  J
TABLE 13 (Cont inued)
Series Test
No.
Speci­
men
I I i I.
..
.
n, 
c / s.
A E  rf Mean 
A E  —  P
A E
in . lb .
Mean
A E
{cu. in ^ tv
X, M ild  S te e l, as drawn
128 S7 4,180 55»8 0.373 .00280
FF 129 II 11 ti 0.352 0.357 .00264 .00267
130 II 1! 1 0.346 .00258
131 S7 5,440 55.8 0.730 .00924
GO 132 1 it it 0.721 0.716 .00915 .00908
133 tt it ti 0.698 .00884
134 S7 6,680 55.8 0.878 .0168
135 1! it tt 0.917 0OI68
HH 136 II tt it 0.843 0.875 .0161 .0166
137 II it 1 0.862 .0165
138 S7 7,900 55.8 0.988 .0267
140 ti 1 27.1 0.9^6 .0258
JJ 141 1 ii 1 0.924 0.956 o0247 .0256
143 89 ti ti 0.936 .0250
144 1 it n 0.964 .0257
146 S9 9,420 27.1 1.01 .0382
KK 147 it ti n 0.966 1.00 0O367 .0330
148 1 1 i» 1.03 o0392 1
149 S10 3,750 76.4- 0.426 ,00258 <
LL 150 II 1 II 0.345 0.372 .00207 .00224
151 It 1 II 0.345 .00207
^ M i ld  S te e l, annealed
161 S9A 3.570 75=0 1o77 «00993
162 it IS II 1.65 ,00926
MM 163 if If If 1 .77 1.74 .00996 .00975
164 1 tl IS 1,75 .00984
165 S9A 5,100 75.0 1.85 .0212 ■
166 it it 1 1.80 [ .0207
m 167 ti ti 1 1.79 1.82 ! .0205 .0209
%
168 ti it ti 1 C 83 | .0210
EP 171 S10A 1,710 35.1 zero I zero
TABLE '15 (Continued)
Series Test
No.
Speci­
men -  is 2lb/ in.
n,
c/s.
E: ^  
—
Mean 
A E  ^
“e /0
A E
in. lb •
Me ail 
AE,
(cu. in^ y^ v
172 S10A 2,400 35.1 1.45 .00366
QQ 173 » it it 1.43 1.29 ,00364 .00326
174 1 1 it 0.982 ,00249
175 S10A 6,850 35.1 1.69 .0350
BR 176 » ii 1 1.74 1.69 . 0359 ,0348
177 1 ti it 1.63 .0336
173 S10A 8,220 35.1 '1.51 .0449
SS 179 1 ti ti 1.52 1.52 .0454 .0452
180 1 it i i 1.53 .0454
181 S10A 9,590 35.1 1.39 .0562
TT 182 !l ti it 1.40 1.42 .0564 . up (j
183 It 1 it failed failed W J- L i i i  A A .
185 S7A 7,540 35.1 1.61 .0403
186 1! it 1 1.63 ,0408
187 It ti 1 1.66 .0415
188 II it it 1.64 .0410
189 It 1 1 1.63 .0408
w 190 II 1 it 1.65 1.64 .0415 .04.11
191 It 1 it 1.67 .0419
192 II it it 1.69 .0424
193 It it 1 1.60 .0401
194 II ti it 1.63 ,0408
y v 195 S7A 9.590 35.1 1.47 <1 ) , o .0594 .0573A A . 196 1 1 it failed 1 oH -A failed with TT
Aluminium Alloy
133 A. 2 2,800 22.7 - -
154 it 2,650 48.6 - -
133 t! 3,310 1 - -
153a It 3,980 ti - —
Brass
156 B.3 3,050 53.1 0.585 .00468
157 tl It it 0,489 000389 |
158 tl II ti 0,445 .00355
159 II 4,060 it 0.396 .00562
160 II II ti 0,461 .00652
. J
EFFECT OF NUMBER OF CYCLES ON DAMPING CAPACITY
AT CONSTANT STRESS AMPLITUDE AND FREQUENCY,
Series Speci­
men
n,c/s
± i 2
lb/inf
M a ,
E
A E  
in, lb 
(cu, in.)>?/v
Dura­
tion,
min.
Cycles £  Cycles
S1 «. — ■ M 1 , 448,000tt 26.7 9,820 0,451 .0193 110 176,000 1, 624,0001 tt it 0,410 O0175 93 149,000 1,773,000
A it tt tt 0,476 .0204 91 146,000 1, 919,0001! tt tt 0,405 .0172 151 242,000 2 , 161,000If ft tt 0,472 .0201 62 99,000 2 , 260,000
tt tt tt 0*486 .0207 36 58,000 2, 318,000
mean = 0,450 .0192 a mean
S3 26.7 9,820 0,281 .0120 78 125,000 125,000it tl tt 0,251 .0107 31 50,000 175,000tt tt tt 0,309 .0132 94 151,000 326,000tt tt tt 0.263 .0112 59 95,000 421*000tt It tt 0,2  69 .0115 66 106,000 527^000
B tt It it 0.306 .0131 51 82,000 609,000tt tt tt 0,322 .0138 218 349,000 958,000tt tt u 0,313 .0133 124 199,000 1, 157,000tt tt tt 0.290 .0123 194 311,000 1,468,000tt It tt 0.286 ,0122 96 154,000 1, 622,000tt tt 0,320 o0136 160 256,000 1, 878,000
mean - 0,292 ,0124 = mean
S7A 35.1 7,540 1.61 .0403 112 236,000 236,000tt tt tt 1.63 .0408 96 202,000 438,000tt tt tt 1066 .0415 116 244,000 682,000«t tt it 1.64 ,0410 66 139,000 821,000
W tt tt tt 1.63 ,0408 101 213,000 1,034,000tt tt it 1.65 ,0415 190 400,000 1,434,000tt » tt 1.67 .0419 187 394,000 1,828,000it it tt 1,69 ,0424 203 425,000 2,253,000tt tt tt 1.60 .0401 150 316,000 2, 569,000
tt tt tt 1.63 .0408 174 367,000 2, 936,000 i1
mean = 1.64 .0411 = mean
S10A 35.1 9,590 1.39 0O562 98 206,000 206,000 ! 7 \
TT tt tt tt 1,40 ,0564 105 221,000 427,000 !
n tt it failed failed 16 34,000 461,000
YY S7A 35.1 9,590 1.47 .0594 172 362,000 362,000AA tt tt tt failed failed 9 19,000 381,000
TABLE 15
— i' ■»■»— i— rm — w— —
EFFECT OP FREQUENCY ON DAMPING CAPACITY 
AT CONSTANT STRESS AMFLITUDE
Series Specimen - n, c/s
1 ^ 2lb/in*
A E  ^
—  A>
A  E
in* lb
(cu,in*)xnj
F SA 75.A 5,120 0* 25 A *00295
H SA 35.2 5,130 0*220 .00256
J SA 26*7 5,190 0*198 *00235
K^ " SA 91 .A 5,200 0,286 ,003A2
Or SA 55.0 5,230 0.255 *00308
mean - 5,170 0*232 .0027A
E S2 75.A 7,A30 0.A17 .0102
Lt SA 75.A 7,A30 0*592 .01A5
M S5 55.0 7, AW) 0*319 .00780
P S5 26.7 7,A60 0*332 *0081A
N S3 35.2 7,530 0*322 *00805
Q S5 15.8 7,5AO 0*332 *00833 ]
mean = 7,A80 0,3AA *00850 |
■j’= after overstressing*
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TABLE 16
EFFECT OP STRESS AMPLITUDE OK DAMPING CAPACITY
(experimental results)
Series Specimen
±  is
lb/ in
n, c/s A E  „  
E,
A  E 
in. lb.
(bu. in.ii'V
T S5 1,030 35.2 zero zero
U it 2,050 tt v, small v. small
V it 3,420 i i small small
FHTG S i* . 5,170 mixed 0.232 .00274
EMPNQ S2,4,5 7,480 it 0.344 .00850
R S5 9,940 15.8 0.618 .0269
s. it 12,330 it 0.849 .0571
4
S4 5,200 91.4 0.286 .00342
L+ ti 7,430 75.4 0.592 .0145
CC S2A 1,000 34.8 zero zero
DD it 2,010 it it tt
EE it 3,020 i i v. small v, small
AA S6A 4,720 54.4 0.289 ,00289
BB i i 5.900 i i 0.283 ,00442
W S4A. 6,740 15.6 0.332 .00675
X i i 9,450 II 0.412 .0165
Y tt 10,800 II 0.427 .0223
Z it 12,140 II 0.490 .0325
LL S10 3,750 76.4 0.372 ,00224
PP S7 4,180 55.8 0,357 ,002.67
GG II 5,440 II 0.716 .00908
HEi II 6,680 II . 0.875 0OI66
JJ S7 & 9 7,900 55.8 & 27.1 0.956 .0256
EEC S9 9,420 27.1 1.00 0O38O
PP S10A 1,710 35.1 zero zero
QQ S10A 2,400 ii 1.29 ,0032b
m S9A 3,570 75.0 1.74 .00975
: M tt 5,100 it 1.82 .0209
RR S10A 6,850 35.1 1o69 .0348
W S7A 7,540 ii 1.64 .0411
SB S10A 8,220 it 1.52 .0452
TT & XX S10A,7A 9,590 it 1.42 .0573
'f = after overstressing.
TABLE 17
EFFECT OF STRESS AMPLITUDE ON DAMPING- CAPACITY 
(calculated curves)
i  h  2
lb/inf
AB;
xUo lb o 
(cu. iru)x'V
A E  ^  
E /0
3,000 .00038 0.096
5,000 .00231 0.209
7,000 000756 0.350
(X 9,000 .01837 0,514
11,000 «03735 0,700
12,000 005079 0.799
13,000 .06736 0,903
1,0 00 .00005 0.108
2,000 .00029 0,163
4,000 .00176 Oo 246
ft
6,000 .00504 0.3121 8,000 .01062 0.370
10,000 .01892 0,422
12,000 .03036 0.470
13,000 .03734 0.493
3,000 .00049 0.126
5,000 .00704 O.658
X 7,000 .01868 0.8910 9,000 003439 0.992
10,000 .04362 1.02
11,000 .05368 1.04
500 .00004 0,391
1,000 .00029 0.662
2,000 .00198, 1.12
3,000 ,00604 1.53
S'
4,000 .01337 1.90
6 4,000 .01443 2.05
5,000 .02061 1.87
6,000 .02756 1,74
8,000 .04367 1.55
10,000 .06237 1.41
11,000 .07265 1.36
TABLE 18 
Themocouple Calibration 
(e = yU,V, t = °0)
e => 37.931 t + 0.052 475 t2
t e t
■—  " — ■]
e
10 384.56 20,5 799.64
10*5 404.07 21 819*69
11.0 423.59 21,5 839*78
11.5 443.15 22 859.88
12 462.73 22,5 880,02
12,5 482.34 23 900,17
13 501.97 23,5 920,36
13.5 521.63 24 940.57
14 541.32 24.5 960*81
14.5 561.03 25 981,08
15 580.78 25*5 1001.36
15.5 600.54 26 1021,68
16 620.33 26,5 1042,02
16.5 640,15 2? 1062.39
17 660.00 27a 5 1082.78
17*5 679.86 28 1103.21
18 699.76 28,5 1123,65
18.5 719.68 29 1144.13
19 739.63 29.5 1164.63
19.5 759.60 30 1185.16
20 779.611 .......
TABLE 19
Theoretical temperature fall of mid-point of specimen.
(Heat loss by conduction only) 
cf, Appendix E
STEEL BRASS
X  (secs)
... ... 6 ( j A )
TJ-(secs) |
B ( | ^ )
0 218.1 0 84.2
50 216.2 50 82.3
100 214.2 100 80.5
200 210.8 200 77.0
300 207.0 300 73.0
400 ' 202.9 400 68.8
500 199.0 500 65.7
600 195.2 600 62.6
700
r
191.3 700
’
58.0
125,
TABLE m
Theoretical Temperature Distribution
(Heat loss by conduction and from the surface) 
cf* Appendix E 
£= 0.3988 (inf) = 0.1570 (omf)
STEEL 0  at X. (in. ) from end. :
17 x ~ X - X = ' 'X = X  = X  = X  - X  » X = ■ i
(secs) 0 2.04 4.07 6,11 8,15 10,19 12,22 14.26 16*0
0 0 121.4 175*5 199.8 210,2 215.1 217.0 217.9 218.1
50 182,7
100 152.1
200 0 39.3 69.6 88*4 98.3 102,9 105.0 105.7 105.9
300 73.9
400 0 13.5 28.9 38.7 45.0 48,5 50.3 51.1 51.3 |
500 35.6 !
600 0 6.7 12.6 17.3 20.6 22.8 24.0 24.6 24.7 |
700 17.2
BRASS 0  at x  (in.) from end. I
17 x  = X  = X  = X  = X = X  = X  = X  “ X  *
(secs) 0 2.04 4*07 6,11 8.15 10,19 12.22 14.26 16.0
0 0 46.9 67.7 77.1 81,1 83.0 83.7 84.1 84.2 j
50 0 21.5 37.1 45.7 49.7 51.5 52,4 52,6 52.6  |
100 0 11.4 20.6 26.7 30.2 31.9 32.7 33.0 33.0 J
200 0 3 .6 6 .8 9*2 10.9 12.0 12.5 12.8 12,9 \
300 5.0 |
400 1.8 I
500 0 ,7  j
600 0.3  |
700 . . . J 0.1 i!
126 ,
APPENDIX B
Fig. 1 - Original Apparatus*
Fig. 2 ~ Final apparatus showing_general 
lay-out of equipment.
!
Fig. 3 Final apparatus showing specimen 
with large wheels attached.
129,
Pig, K - Vibrator showing coupling and pick-up,
130.
Fig. 5 - Torsiometer.
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Foppl-Pertz apparatus for determination 
of logarithmic decrement.
137.
mzsmsms,
Pig. 12 - Decay curves for various materials obtained
with Foppl-Pertz apparatus.
I _2-0
0-6
zUJ
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£a.
(D Mechanical-method 
test on alloy similar to 
Duralumin (Hatfield, 
Rotherham, and Har* 
vey 1#).
®  Physical-method 
test on R.R. 56 (Han- 
stock and Murray *).
©  Physical-method 
test on Duralumin 
(Frommer and Murray1).
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- r -  X 10 (SURFACE SHEAR STRAIN)
Fig. 1.— Curves Showing Progressive Decrease in Measured Damping Capacity. 
(N.B.— The logarithmic ordinate has distorted the shape of the curves.)
I. R.R. 56. Specimen 0-4 in. dia. x 2 in. test length, with square shanks.
Tested in original machine prior to any modifications.
II. R.R. 56. Specimen as I above, tested after reconstructing machine frame.
III. R.R. 56. Above-mentioned specimen modified by machining away square.
shanks to obtain continuous test length between grips of 0-4 in. dia. 
X 6 in.
IV. R.R. 56. Specimen as in III, tested with steady-bearing out of action.
V. R.R. 56. As IV, except wheel substituted for rectangular bar as inertia
member.
VI. Duralumin. Specimen 0-4 in. dia. x 6 in. test length. Conditions as V.
VII. Curve VI corrected for calculated air-friction loss over wheel.
VIII.. Duralumin. Specimen 0-312 in. dia. x £ in. test length, with taper
cylindrical shanks expanded into grips. Small-wheel inertia member. 
(Tested in large and small machines with identical results.)
IX. Specimen as VIII, tested in small machine at low pressure (0-004 m m .
mercury.)
Fig.. 13 - Curves showing progressive clecrea.se in measured 
danping capacity by decay method.
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APPENDIX 0
Calibration of thermocouple wire
The origin of the wire used and the details of temperature measure­
ment ware given in Chapter VI. The important thermocouple readings were 
all obtained as difference readings, between the tube temperature and the 
ambient temperature. As only a-few degrees of temperature difference were 
concerned, the calibration of the v/ire was only important over a limited 
range in ■che vicinity of the ambient temperature.
The literature on the subject is adequately covered by references
45, 56, 61, 104 and the International Critical Tables, 1_, 1926, p.58. The
procedure adopted here is that recommended by Roeser (56 who states that an
2equation of the form e = at + bt will yield interpolated values in 
the range 0 - 100°C almost as accurately as the e,m.f. is determined at the 
calibration points, ( e = e.m,f., t = temperature, a and b are constants) 
The values of the constants should be determined by calibration at about 
50 and 100°C.
Calibration was carried out with a suitable glass jar and condenser, 
known as a hypsometer, using steam produced from distilled water and analax 
quality chloroform. The barometric pressure was 7^4 nan. of mercury on the
day of calibration. The steam point was corrected according to the formula
recommended in the international temperature scale, 1948 (104), viz.
t =
t 100 + 0.147 430 -  0.000 322 + 0.000 001
• 9 t = 100.147 °c
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The boiling point of chloroform was taken as
t ss 61.2 + 0,041 y (7^4 - 760) j °C , according to the "Handbook of
Chemistry and Physics", 32nd edition, 1950/51
tg = 61.364 °0 -
The values of the e„m*f, determined for boiling steam and chloroform were 
4,325 and 2,525 yuyv respectively, A check was made in melting ice when 
the potentiometer read zero accurately to less than 1yU/V. To determine 
the values of a and b the following equations then applied ;
4325 = 100,147 a + (100.147)^
2525 = 61,364 a + (61.364)^ ,
whence a = 37.931 and b = 52,475 * 10~5>
The calibration equation was therefore
e = 37.931 t + 52.475 X  10~3 t2 , ^ V .  (t in °0)
Prom this equation, the values of e shown in table 18 were, 
calculated and the calibration curve, fig, 36, was drawn.
16?0
APPENDIX D 
Analytical Estimation of Node Position
Pig, 16 shows the manner in which the distance of the node from the 
top chuck varies with the frequency of oscillation. In view of the 
considerable reduction of this distance at higher frequencies, it appeared 
desirable to investigate whether a theoretical relationship could predict 
these changes, however approximately.
The equation which governs the frequency of free torsional 
oscillations is
| v / stiffness 
%  * rTZ*\I moment of inertia <
1 J
( e. "Yu — ~ i  ..... (1) where
C )
Yu is the frequency j 
is a constant;
is the distance of the node from the top chuck;
X r is the moment of inertia of the fixed masses at the top 
chuck, i.e. of the chuck itself and of that mass which 
remains attached to the chuck at all frequencies;
I is the moment of inertia of the variable masses which ... 
alter the frequency.
Exact values of I  at different frequencies were not obtained, but 
the design values of the various discs were available. Thus, from table 9S
n, c/s £ * in* approx. l.v, 
lb.ft?
15.6 15.38 60.8
26. A 15.10 20.8
34.8 14.40 11.2
54.4 12.25 3.45
74.5 9.72 1.22
Any two sets of these data may now be used to determine ^  and 1^ 
in equation (1) j e.g,
...(If + 2.0-8 j * /A' 'o x (i-b'f)?‘ «* A  
( 1^) +- llljy “? 71 *(74 •5'}i »  A
■whence, 1/ = 'A\5 2.5 , aiid --C « 2 S & , C C O ,
Using these values of and 'H in equation (1) it is now possible
//)
to estimate values of Jl. corresponding to the other three frequencies and 
values of J. in the above table,, This yields the following results ;
Frequency
X  %
Measured
£ ,  ia*
Calculated
in.
fo error in 
calculated 
value
15.6 15.38 16.35 + 6.5
34.8 14.40 14.36 - 0.3
54.4 12,25 12.40 + 1.2
- -
No great significance can be attached to the errors stated, as these 
depend on which two sets of conditions are selected in the first instance 
in order to calculate the values of Xj and , However, the equation (1) 
does describe the order of magnitude of the variation in the node position?
It should be noted that equation (l) does, of course, not describe 
the mechanisim of the oscillations completely and cannot be expected to 
yield accurate results, apart from the approximate values of JLV , The 
oscillations are not *free! and a damping factor should be taken into 
account as well as the restoring couple due to the applied alternating force 
There is also a change in the electrical impedance of the vibrator speech 
coil with frequency and this affects, however slightly, the mechanical "free 
frequency of the system*
APPENDIX E
Theoretical temperature distribution parallel 
to the axis of
The experimental method depends upon the existence of a region of 
constant temperature at or near the centre of the specimen. This was 
experimentally verified and is recorded in fig. 18.
At the end of Chapter IX, reference is made to difficulties experienced 
with brass and light alloy specimens,, The latter almost certainly have too 
low a damping capacity to suit the method of measurement used. However, 
the cooling curves for brass exhibited an unexplained change of slope (fig. 
3h) and it seemed worth while to try and discover whether any explanation
of this behaviour could be found by considering the theoretical temperature 
distribution in the steady state and during the cooling period.
Although it seems possible that most of the heat will be lost by 
conduction through the specimen material, an expression can be derived which 
also takes into account the loss of heat from the surface by assuming this 
to be proportional to the temperature difference between the surface and 
the surroundings. As the radiation Inss from the surface is negligible 
for the small excess temperatures experienced throughout this work, this 
assumption is justifiable.
I. Steady state temperature distribution parallel to axis of 
specimen ~ Heat loss by conduction only.
I I*<n Hiik»wcw ii»i».wti»iWiw..)iui—rww—■irai'i i riuj ■ita«wiijw«wi.i.n|»ii—w»i»i.inwinti.i.1ii..iiii* im.iti.ui.7g
Let A  = cross-sectional area of specimen?
length of specimen?
/Vth= density?
S = specific heat?
temperature at distance x along the axis?
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e =  e ( * )  = temperature excess above the surroundings at 
distance X along the axis|
K = thermal conductivity;
= quantity of heat generated per unit volume per unit time,
Assume that is constant for every element of specimen material and 
that the heat generated is entirely conducted away through the specimen 
material, the heat flow being symmetrical about the central cross-section of 
the specimenr
Then, measuring X  from the mid-pointy
Rate of heat flow " i © . . , - s i i
i f *
jJ^B
JL * is
J,-'L
2
Ti 0 o /
A  xsz /I onrt R  J ____And, sinoe 0 = 0  for ’x  =  S. — 2 A ^ O  and B  ,
2 > S
IJ k
or, taking the origin at the end of the tube instead of at the centre
0  ~  x 2 ) .......(2)
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H a  Steady state temperature distribution parallel to axis of
Heat 1oss by conduction and convection*
Let = surface coefficient of heat transfer
heat units/(unit length of specimen)(unit time)(degree)
Then, using the same symbols as above and taking the origin at the
mid-point of the specimen, the heat balance gives, similar to equation (i),
ri
A M = - A h 4-4&x 1- X&AXr cL /
dJz. - y f l    &L ' ........... (3)
Xwhere V" =
fi A !
The solution of this linear differential equation with constant
coefficients is given in the usual way by the sum of the complementary 
function and a particular integral, viz,
Q =. / \ e~ Sx +  B e SX i- •••'"• (4)
41 h
where ^ »  \j\s s=, \/TqIt o..... (5)
Now, 0 * 0  at the ends of the specimen for X  ~
u  'L
and if £ 2  , then
~ =  4  + 6 rv v
^  1 ^
• * A - b ~  i f r  n r : “ i  ~  ^ r w
/Vlv ^  2
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Substituting in (4) ,
(6)
Or, taking the origin at the end of the tube and remembering
that S2 =
It should be especially noted here that $ depends on the thermal conducti-
f
(7)
vity and on the surface coefficient*
Now, equation (2) which only admits a heat loss by conduction
evidently gives a parabolic distribution df 0 as a function of X , However
upon referring to fig# 18 it will be seen that a parabola represents a very
bad approximation to the type of temperature distribution which was actually
encountered# Fig* 37 shows the type of curves which result from equation
(7) by arbitrarily choosing different values of £ *
A very fair approximation to the observed temperature distribution
/*** / \can be obtained by selecting £> = 0e4 (in* It is therefore clear that
the mechanism of heat loss from the specimen in the steady state is a 
combination of conduction along the tube and convection to the surroundings*, 
the latter effect being by no means negligible*
The theoretical curves are, of course, symmetrical about the mid-poln
of the tube while the asymmetrical observed curve (fig# 18) probably arises 
due to the mass of metal at the top chuck being greater than at the bottom.
Ill* Temperature distribution during cooling period,
- Heat loss by conduction and convection#
Let X  ~ time, in addition to the symbols used above. There are
now two variables, viz* X  and lc « Taking the origin at the end of the
specimen, in time & X  ,
heat flo w  by conduction .A T  ~ ~  -X  ft ( j l ) y . A t  j
= “iA AX At j
heat flow by convection X  9 , A X  .At J
the heat loss from an element of mass a ^ A . A X  will be A'®'.A.A.X.«S. 
so that -  A  A X  5 A© = ~ A  A  JJi ZXT ** -X 0 Ax A*£
and dividing through by skfK A X  ££t
_  0 0  cS09 • /j
7  5 r  "  ~  4 a &
i»ea A£) . X 0^0 t a  ...... o h m * ^8)
where - 4  *.... '• •   ...... *........ (9>
and • 4 -.. e » « O J 5 o e » o o s o * o » o « o » » » o o a c Q e o  ( 1 G }
■ A**s
The partial differential equation (8) may be solved by the following 
trial method
Let 0 k  Hp(lr) »X(?0 9 w-^ere ^  is a function of X only and X
a function of X  only. Substituting this function of 0  in (8) one obtain
t '.x =*£x "t  -y.rx
T ' _ ^ x :  „
X
The left hand side which is a function of 'H only can only equal the right
hand side which is a function of x  only, if each side is equal to a
constant, say —  A  * Then,
v — 2 v &h v  Csi A , where oi> 5=5 ^ 2, "*'
;
and -- «  * ~  " +  Jf.)
i.e. X r Pc<n Cc)X +* QSvs-vOJX. .............
, n  - o W 1
ana | = K e  ,
Hence, a solution of equation (8) is given by
A  - ( X V + i i l t  f n  _ . ’i
U ** C ' ■; rOaCOx +-Q SXM-CaJxl
As 8 = 0  for and X=v£ ' , P = 0  and CcJ^ l ■=»'VvTt
Hence, the general solution of equation (8) is of the form
H x ,z )  * 1 1  A ,  e ~ ' ^  ^
'KM
At time GtT^O # B( x ~,Q) is given by equation (7), so that
q/A (  , O r U A h - - j h  } _  ’T2, D _ . /w ffx
1 1 ”  “ T ^ T C T “  ^  “
Fx ^ P
or if d> ~ f^ r , i*e, x  «  , then
Hence, the Fourier coefficient Jb of the sine series is given, for' TV
positive integral values of , by
4 r ^ t [  ( I “ J ^
* 2 o
'Z fy A  ( - r  T-% \
.— . Jr   I I ~r*+» »   I. . .n I
X z  { t  )
2. '
« « * e e « 6 9 « «
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N cao-
_  ( O  , JL ' U  ^  e ^ t  yu
? ? . /f t J J     ^ 3 ;
V ^  , +f ^  t* tf-itrn, ' f
/W-t, 1  l z - / 2. C W  ^ 4  C m  t £ ( ~^- * ^
* ,,- —
I aW jl C<nX ^  ~ ^<K) ^ ~v~7
+
/}
O T  -
£
_ j t&$(yi4> ~ a‘4 / )  c&ofaij) — ± ~|^\)
*“ I ' • C <? *■» .. ■ C /? ■ —
-1 0
V^u "t* y?L> *“* **-£>■$
*  r  j
-  Ca^!. ^ r -  Ctf3 ("KTT 1- +  CoWL ¥  ~ O j ( ^ T  -  ^ )
ox, +• "tLM ox -  IJp?
.. CrJL% -C-irani f  OrJ ¥  - C - i f W #
Ox- 4* ^  -  <JzI~~TT IT
 ....(10
t •^ ^ -■tea4-|IL
tt ^
V L ^ * ; 0^) o*w£ (j4j 0 ^ ) ^
Jl?,. ~ O . a!/? w  Co . UfLtjlz, t£  'Yu Ca ctff^L
/»V'  ^ i j f f
A -  ?- j /A f  2. _  _ l 3 i — _. 1
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Sij?
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fl*X ( Ox (SYs} f | ^ VJ )■
X  JL
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7Tv ' ^
f ^ V'X1'"- * '/X „4 J[11 v
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It can be shown that, if the heat loss were to take place by conduct:. -
only ( Au ; i.e. S - O  ) equations (16) and (17) reduce respectively
* fX"trK:c"n ~ I J2* I v
-  e ( x , T i . 4 i ....m
i L) tJ* <C-> (’ 2,'vi. — l )
„ „t ®o , - f sL:E- 9 r d i - U
f l -  t o  ■  2 T < t o   l21>
*■ \
It has already been established that the actual steady state
J
temperature distribution is far more adequately described by allowing for 
the convection loss* If now equations (17) and (21) are compared by plotting 
graphs of j against 77 (cf» tables 19 and 20 j fig* 38) it is again
clear that most of the heat loss from the specimen in the transient state i&
by convection and only a small portion by conduction*
Table 20 and fig. 39 show the values for Q(pC fC) during the 
cooling period evaluated from (18), by using a value of £  s 0«157(°nC‘) 
which was previously found to resemble most closely the actual steady state 
temperature distribution*
The vertical scales of figs* 37-39 are arbitrary in that they depend 
on the value of , but figs* 38 and 39 are drawn for the same value of
in the case of brass and steel.
The principal conclusions from this analysis and the graphs referred 
to are discussed at the end of Chapter IX*
A further deduction may be drawn from equation (17)* Differentiating 
with respect to If and putting ff a 0 ,
178.
CO
i.e . 8 l  ( o )  -  V  ( - 1 ) 1v =  A X .  *  <7  (22)
*h
— S  *  I ~  4  *  4
6
^  S^ '-V'Cgg, t/U-V ~ <3 ~~ ^ 3* -4~ —
$ * J U t & J Z « a .  <U (i'll
Q L ( o ) - - - ^ ~  ............ (23)
v~ J A d S
This shows that the initial slope of the cooling curve at the mid-point of 
the specimen depends only on the density and specific heat of the material, 
apart from the rate of heat generation in the steady state. In particular
the slope is independent of/|> and of JKj «
It should also be noted that a plot of f 1  against 77
<?5 t  Q/fnj ("E J }
gives a straight line relationship when the appropriate figures are deduced 
from equation (17)« This theory does therefore confirm the method of 
evaluating the results of the experiments, described in detail in Chapter 
VIII,
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